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Para os mens Pais, Irmaos e Juaninha 



"La science est faite d'erreurs, mais ce sont des erreurs utiles 
car elles menent petit a petit a la verite. " 
"Science is made up of mistakes, but they are mistakes which it is useful to make, 

because they lead little by little to the truth. " 

Jules Verne, in Voyage au centre de la Terre 
A Journey to the Center of the Earth 

"La realite fournit quelquefois des faits si romanesques que 
V imagination elle-meme ne pourrait rien y ajouter." 
"Reality sometimes provides us with facts so romantic that 
imagination itself could add nothing to them. " 

Jules Verne 

'Science is the belief in the ignorance of experts. " "If you thought that science was certain 
- well, that is just an error on your part. " "We are trying to prove ourselves wrong as 
quickly as possible, because only in that way can we find progress. " 

Richard Feynman 

"In the end, everything is a gag." 

Charles Chaplin 
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Resumo 



Com a primeira geragao de cameras de infra- vermelho (IV) nos anos 70 e 80, como urn mel- 
horamento aos primeiros detectores de IR, possibilitou coberturas sistematicas de grande 
area nesta regiao do espectro. Esta nova janela que entao se abria mostrou a comunidade 
cientffica quao limitada era a nossa visao do Universo quando restringida aos telescopios de 
optico, mais desenvolvidos nessa altura. Hoje em dia sabemos que a maior parte da acgao 
acontece fora do regime do optico. Os raios-7 e X mostram-nos os eventos mais energeticos 
do Unive rso (o mais distante remonta a epoca em que o Universo tinha somente 600 milhSes 



de anos, iTanvir et al.l . 120091 ). o IV (1-1000 /im) que revela quantidades enormes de poeira 



a reemitir luz absorvida do ultra- violeta/optica, e o radio que ate aos meados dos anos 9 



foi o recordista das fontes mais distantes observadas no Universo (IStern &: Spinradl . Il999l ). 
Esta tese esta focada no regime do IV, ao mesmo tempo que considera as restantes janelas 
espectrais de maneira a maximizar a caracterizagao das amostras de galaxias consideradas 
neste estudo. 

Uma analise multi-comprimento-de-onda (MCO, dos raios-X as frequencias de radio) 
das propriedades de populagoes de galaxias extremamente vermelhas (GEVs) e apresen- 
tada de imcio. Um conjunto de dados entre os mais profundos alguma vez obtidos sao 
tidos em conta neste trabalho. A regiao do ceu e das mais intensamente observadas: 
o Great Observatories Origins Deep Survey 2 / Chandra Deep Field South 3 . Ao adop- 
tar uma metodologia puramente estatfstica, considera-se toda a informagao fotometrica 
e espectroscopica dispomvel em amostras numerosas de objectos extremamente vermel- 
hos (OEVs, 553 fontes), IRAC 4 OEVs (IOEVs, 259 fontes), e galaxias vermelhas distantes 
(GVDs, 289 fontes) de maneira a obter distribuigoes em distancia, identificar galaxias que 
alberguem um nucleo galactico activo (NGA) ou zonas de formagao estelar, e, utilizando 
observagoes radio neste campo, estimar densidades de taxa de formagao estelar (p*) robus- 
tas e independentes da existencia de poeira nestas populagoes de galaxias. As propriedades 
de sub-populagoes de galaxias "puras" (aquelas que pertencem somente a um dos grupos 
referidos) e "comuns" (aquelas que sao comuns aos tres) sao tambem investigadas. 

Em geral, um grande numero de NGAs sao identificados (ate 25%, baseado em criterios 



2 Cobertura Profunda no Sul das Origens pelos Grandes Observatorios 

3 Campo Profundo no Sul do Chandra. O telescopio espacial Chandra opera nos raios-X (0.5-8 keV) e 
deve o seu nome ao astrofisico Subrahmanyan Chandrasekhar, http://chandra.harvard.edu/ 

4 Infra-red array camera (IRAC, camera em grelha de IV) do telescopio espacial Spitzer, 
http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/ 
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de raios-X e IV), sendo na sua maioria objectos de tipo-2 (obscurecidos) . A emissao 
radio oriunda de actividade NGA nao e tipicamente forte, implicando um acrescimo de 
10 a 25% nas medias/medianas das luminosidades radio ao incluir-se GEVs que albergam 
AGN. Porem, os NGAs sao frequentemente encontrados em GEVs, e a sua nao identificagao 
podera aumentar significativamente (em 200% em alguns casos) as estimativas de p* das 
GEVs. Este resultado pode ser interpretado de duas maneiras: ou a populagao GEV 
que alberga um NGA tern efectivamente uma grande componente de formagao estelar ou a 
emissao NGA esta a enviesar fortemente os resultados. Deste modo, apesar da contribuigao 
da formagao estelar para a luminosidade radio permanega inconclusiva em galaxias que 
alberguem um NGA num estudo de radio, pode-se ainda assim estimar limites superiores 
e inferiores de p* em populagSes GEV. Sao assim identificadas sub-populag5es que cobrem 
uma larga escala de taxas de formagao estelar (TFE) medias, desde menos de 10 massas 
solares (M ) por ano (Mgano" 1 ) ate 150 M ano . Ao separar em intervalos de distancia 
(1 < z < 2 and 2 < z < 3 5 ) obtem-se uma evolugao significante em p*. Enquanto OEVs 
e GVDs seguem a evolugao geral da populagao de galaxias observada no Universo, IOEVs 
aparentam uma evolugao constante. Contudo, os IOEVs sao os maiores contribuidores para 
a p* total a 1 < z < 2 (ate um mvel de 25%), enquanto os OEVs poderao contribuir ate 
40% a 2 < z < 3. 

A comparagao de estimativas de TFEs no radio com as de ultra-violeta confirma a 
natureza "poeirenta" das populagoes comuns (com um obscurecimento medio de E(B — 
V)=0.5-0.6 e maximos de E(B — V)~l), e tambem que a comparagao directa destes dois 
regimes do espectro e valida para obter uma estimativa de obscurecimento nas galaxias. 
GEVs sao tambem conhecidas por serem galaxias massivas a grande distancia, e, neste 
trabalho, obtemos fungoes e densidades de massa estelar, mostrando que 60% da massa 
estelar existente no Universo a 1 < z < 3 esta em GEVs e que esta fracgao aumenta 
em populagoes de galaxias gradualmente mais massivas. E tambem efectuado um estudo 
morfologico para uma caracterizagao mais completa de GEVs, que revela uma populagao 
de GVDs, que contem uma mistura de populagoes estelares jovem e adulta assim como 
actividade obscurecida NGA. 

Estes resultados no computo geral poderao apontar para o facto de OEVs, IOEVs, 
e GDVs serem de facto parte da mesma populagao, porem vista em fases diferentes de 
evolugao galactica. Isto esta de acordo com o cenario ja proposto por alguns autores que 
defendem as fases de galaxia de sub-milmietro, galaxia obscurecida por poeira, GDV, e 
OEV como uma sequencia de evolugao galactica. 

A segunda parte desta tese e dedicada a um trabalho que comegou inicialmente como 
uma necessidade para a demografia de NGAs em GEVs, revelando-se como um dos grandes 
resultados desta tese, com grande relevancia para o telescopio espacial James Webb 6 
(TEJW), a ser langdo no final desta decada (2018). E sabido que o IV possibilita a 
selecgao de galaxias com actividade nuclear, que podera nem ser detectada nas coberturas 

5 redshift (z) e uma unidade de distancia em astronomia que nao e' linear com a distancia medida 
em metros, mas tern em conta a expansao do Universo. 
6 http:/ /www .jwst.nasa.gov/ 
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de raios-X mais profundas devido a extremo obscurecimento. Muitos criterios de IV foram 
explorados para cumprir este objectivo e intensamente testados. A grande conclusao e 
que a grandes distancias (z > 2.5) a contaminagao por galaxias nao activas e abundante. 
Isto nao e de todo viavel para estudos do Universo mais jovem, que e o grande objectivo 
de muitos estudos em curso hoje em dia e de futuras coberturas profundas. Ao utilizar 
modelos de distribuigao espectral de energia que cobrem uma variedade de propriedades 
galacticas, novas versoes de criterios de IV mais eficientes na selecgao de NGAs a grandes 
distancias (ate z ~ 7) sao apresentadas. Com particular enfase nos comprimentos-de-onda 
cobertos pelo TEJW (1-25 yum), criou-se um criterio IV (que usa bandas K e IRAC, KI) 
como alternativa aos criterios existentes a z < 2.5. E tambem criado um criterio IV que 
selecciona NGAs com grande fiabilidade desde distancias locais ate ao final da epoca de 
reionizagao [z ~ 7). Tanto KI como KIM requerem filtros ja existentes, sendo possfvel a 
sua aplicagao no imediato. Amostras de controlo com cobertura MCO (desde os raios-X as 
frequencias radio) sao tambem utilizadas para estimar a fiabilidade destes novos criterios 
em comparagao aos ja existentes. Conclui-se que os modelos utilizados e amostras de con- 
trolo indicam um melhoramento significante do KI em comparagao com outros criterios de 
selecgao NGA baseados somente em filtros IRAC, e que o KIM e navel mesmo a distancias 
maiores que z ~ 2.5. 

ultimo capftulo tern por objectivo alertar que a poeira existe e nao deve ser subes- 
timada. Este e e sera ser sempre um facto que um astronomo deveria manter-se ciente. 
Ao utilizar dados UKIRT/CFHT/ Spitzer no Cosmological Survey (COSMOS), regimes de 
altas temperaturas de poeira (800-1500 K) sao investigados, ao inves do regime mais frio 
normalmente referido na literatura (<100K). FungSes de luminosidade de IV (FLI) sao 
obtidas (comprimentos-de-onda de repouso 1.6, 3.3, and 6.2 /jm) assim como e estimada 
a sua dependencia com a distancia e populagoes de galaxias. A conhecida bimodalidade 
das FLI e observada. Fracgoes de poeira sao extraidas por base num modelo de emissao 
puramente estelar, e as primeiras fungoes de densidade de luminosidade de poeira quente 
alguma vez feitas sao apresentadas. Ao separar em galaxias elfpticas, espirais, de forte 
formagao estelar e NGAs, mostra-se como a emissao NGA pode contribuir significativa- 
mente mesmo a 1.6 /im, provocando um provavel enviesamento (sistematico e crescente) 
em qualquer estimativa de massa estelar baseada em luminosidades de IV. Este efeito, tal 
como a fracgao de NGAs, aumenta com a distancia, sendo por isso de grande importancia a 
adopgao de um procedimento cuidado para a estimativa de massas estelares, mesmo numa 
analise de ajuste a distribuigao espectral de energia. Por fim, e apresentada a evolugao da 
densidade de luminosidade da poeira quente, revelando um decrescimo bem mais acentu- 
ado do que o da historia de formagao estelar no Universo. Ha duas interpretagoes validas 
para este resultado: ou a reduzida TFE no Universo local e incapaz de aquecer quantidades 
de poeira suficientes para esta dominar a 3.3 /im ou ha efectivamente um decrescimo na 
quantidade de poeira existente nas galaxias no Universo local. Um estudo recente com o 
Observatorio Espacial Herschel da forga ao ultimo cenario. 

Por ultimo, e apresentado um conjunto de projectos futuros que tern por objectivo tanto 
o melhoramento do trabalho aqui descrito, como a aplicagao das tecnicas desenvolvidas 
durante esta tese. Estas ultimas resultam em tres projectos importantes: um estudo ja 
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em curso de discos adultos a grandes distancias, sendo este um dos futuros campos de 
investigagao de grande relevancia na altura em que o Atacama Large Millimeter Array 
(ALMA) estiver completo; um censo dos NGA mais obscurecidos a grandes distancias; e 
uma comparagao directa e consistente entre a emissao de poeira quente (800-1500 K) e fria 
(< 100 K) dependendo nao so em luminosidade de IV como distancia. 

PALAVRAS CHAVE: infra-vermelho; galaxias; evolugao; actividade nuclear; formagao 
estelar; poeira. 



Abstract 



The main focus of this thesis is the IR spectral regime, which since the 70's and 80's has 
revolutionised our understanding of the Universe. 

A multi-wavelength analysis on Extremely Red Galaxy populations is first presented 
in one of the most intensively observed patch of the sky, the Chandra Deep Field South. 
By adopting a purely statistical methodology, we consider all the photometric and spec- 
troscopic information available on large samples of Extremely Red Objects (EROs, 553 
sources), IRAC EROs (IEROs, 259 sources), and Distant Red Galaxies (DRGs, 289 sources). 
We derive general properties: redshift distributions, AGN host fraction, star- format ion rate 
densities, dust content, morphology, mass functions and mass densities. The results point 
to the fact that EROs, IEROs, and DRGs all belong to the same population, yet seen at 
different phases of galaxy evolution. 

The second part of this thesis is dedicated to the AGN selection in the IR, with par- 
ticular relevance to the James Webb Space Telescope, to be launched in 2018. We develop 
an improved IR criterion (using K and IRAC bands) as an alternative to existing IR AGN 
criteria for the z < 2.5 regime, and develop another IR criterion which reliably selects 
AGN hosts at < z < 7 (using K, Spitzer-IRAC, and Spitzer-MIPS 2 4 m bands, KIM). 
The ability to track AGN activity since the end of reionization holds great advantages for 
the study of galaxy evolution. 

The thesis then focus on the importance of dust. Based on deep IR data on the 
Cosmological Survey, we derive rest-frame 1.6, 3.3, and 6.2 jum luminosity functions and 
their dependency on redshift. We estimate the dust contribution to those wavelengths and 
show that the hot dust luminosity density evolves since z = 1 — 2 with a much steeper 
drop than the star-formation history of the Universe. 

Future prospects are finally discussed in the last chapter. 

KEY WORDS: infra-red; galaxies; evolution; active; starburst; dust. 
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Chapter 1 



Introduction 



1.1 The A-Cold Dark Matter Universe 



The A cold dark matter (ACDM) cosmology model is now widely accepted as the one 
that best explains our Universe, or at least what we know about it. The A stands for a 
gravitationally repulsive effect (induced by the so called dark energy) associated with th e 



1998 



Perlmutter et al. 



19991 ). 



observed accelerating expansion of the Universe (IRiess et al. 
The cold dark matter is that needed to produce primordial deep gravitational potentials in 
which baryonic matter assembles, giving origin to the seeds of the very first galaxies. These 
potential wells are believed to be the cause for the fluctuations detected in what is known 
today as t he cosmic micr owave background (CMB). At present, due to the expansion of the 



Universe (ITolman 



19341 ). this radiation peaks at longer wavelen gths (1-2 mm) equ i valent 



to that emitted 



Dicke et al. 



1965 



Mather et al. 



1999 



of 2.725 K ( 


Penzias 


& Wilson. 


1965 


Regener 


1931, 


1932; 


McKellar 


1941) 



but see also 

At the beginning of this millennium, and following the pioneering work of its predecessors 
(e.g., COBE 1 in 1992, BOOMERanG 2 in 2000), the Wilkinson Microwave Anisotropy 



1 http : / / aether . lbl . gov /www / pro j ects/cobe/ 

2 htt p : / / cmb.phys . cwru.edu/boomerang / 
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*W 



J00 



1300 



Figure 1.1: The best picture yet of our hot young Universe. Note the colour scale varies 
between -200 and 200 /iK. The hot over-densities are bel ieved to be the predecessors of the 
galaxy clusters we see today. From iBennett et al.l (120031 ) . 



Probe (WMAP, 



Bennett et al. 



20031 ) took an unprecedented detailed picture of the "baby 



universe", as the WMAP team likes to call it. Figure flTTl shows the best image we have so 
far of the (believed to be) Big Bang 'afterglow', revealing temperature fluctuations on the 
order of a millionth of a degree. The patterns seen in the WMAP image are now believed to 
be density variations of matter, thus providing a means to track down the initial conditions 
of galaxy formation. 

How these temperature fluctuations vary and how far apart they are in the sky (the 
so-called angular power spectrum) can be used, among other things, to derive cosmological 
parameters, implying a Universe composed by 75% of 'dark energy' (^a), and the remain- 
ing 25% (f2]yi) in the form of either 'dark matter' (DM, 21%) or baryonic matter we see in 
galaxies and in the inter-galactic medium (only 4%). The power-spectrum is also used as 
an input for any model attempting to trace back the origins of the Universe we see today. 
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One recent work of referen c e is wi thout any do ubts the Millennium Simulation 3 (Vir go 



Consortium, 


Sorh 


ie:el et al. 




2005b 


, but see 


Bower et al. 


2006; 


De Lucia & Blaizot 


2007) 



Kang et al 



2005 



Croton et al. 



2006b 



a 



of enormous computer power at the Computing Centre of the Max-Planck Society (in 
Garching, Germany) to run a sizeable simulation (tracing ~ 10 10 particles since redshift 
z = 127) over the course of 28 days of continuous computation. This simulation assumed 
an hierarchical evolution of dark matter halos through dissipationless mechanisms of gravi- 
tational instability governed by the input power spectrum, the cosmology parameters, and 
the nature of the dark matter itself. This hierarchical dark matter halo assembly carries 
with it the gas which then cools and condenses to form galaxies (Figure [ITS]) . However, al- 
though now we (seem to) understand the evolution of DM, the baryonic evolution (hence, 
that of galaxies) is far more complex than a "simple" gravitationally induced evolution. 
The physics inherent to baryonic evolution comprise gas cooling, star-formation mecha- 
nisms resulting in the production of heavy elements (and consequently dust), feedback 
proc esses (such as super-nova winds and supermassive black hole activity), and mergers 



sec 



Kay et al. 



2002 



Benson et al 



2003 



Benson 



2010 



and references therein for a more 



detailed discussion on feedback models). 



1.2 An unseen Universe 



Although the ideas which res ulted in the de velopment and be 



be traced back to the 1970's ( Peebles 
analytical 4 m odels to account for many o 



ief of the ACDM model can 



195JJ), the first semi- 



in the 1990's flWhite fc Fren 



1991 



1980J), and even 1950's flHovlel 

the i ngredients of galaxy evolution appeared 



Cole 



1991 



Lacey &: Silk 



199lh . reporting successes 



3 http : / / www. mpa- garching . mpg . de / galform / virgo/ millennium / 

4 The naming results from the trial-and-error strategy used in this models, making use of tunable 
physical parameters to fit the observations. 
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Figure 1.2: Zooming through a structured Universe into a dark matter halo at z = in 
the Millennium Simulation (left panel). Each zoom scales down to a factor of four (credit: 
Virgo Consortium). On the right panel, a high resolution N-body simulation showing 
different stages of the dark matter halo hierarchical merging (from z = 8.5, top left, to 
z = , bottom right). Redder regions indicate higher densities regions (figure from iBaughl . 



2006|). 



(e.g., inter-galactic hot gas detectable in X-rays probably linked to the well-predicted star- 
formation rates in spirals) and acknowledging problems which still persist today (e.g., the 
overestimate of the faint-end of luminosity functions). Interestingly, this was close in time 
to the discovery (or recognition) of one of the biggest headaches hierarchical theorists 
have ever faced (and somehow still face). In the 1980's, the early stages of IR camera 
astronomy allowed the astronomers to better access the infra-red (IR, A > 1 /xm) spectral 
regime, which was about to reveal an unseen and unpredicted Universe. The PhD work of 



5 



Chapter 1. Introduction 



Elston in 1988 flElston 



19881 ). making use of the first generation of IR cameras (instead 
of single-element detectors), revealed two objects with optical-to-near-IR colours (R — K) 
redder than the massive central cluster galaxies seen locally, as well as a handful of objects 
undetected in .R-band as candidates for z > 1 passively evolved galaxies (Figure fl~3]) . At 
the time, the enthusiastic possibility for a detection of a primeval galaxy, with the Lyman 
limit redshifted between the R and K bands, took over the remainder interpretations of 
either passively evolved or dusty starburst galaxies at z > 1. Soon afterwards, it was found 



that these galaxies were actually z ~ 0.8 "normal" galaxies (jElston et al 



19891 ). It should 



be mentioned that roughly ten years before the work of Elston et a 



had been observed in luminous ultra-steep spectrum radio galaxies ( iRieke et al. 



., such red colour s 



19791 ). 



Later, even more extreme colo u rs (R — K ~ 6-7) were found for distant radio galaxies 



" 1 ~ • «— — 

(Walsh et al.. 


1985; 


Lillv et al.. 


1985) 



19851 ). What was special about the Elston et al. work 



fusing a similar colour-magnitude plot as 



Lilly et al. 



19851 ) was that, in just a lOarcmin 2 



survey and to a limit of K ~ 17 (Vega magnitudes), a numerous population of red galaxies 



was found. In case the sources happened to be z > 1 cent ral cluster g a 



density was not expected even by the upper limits set by 



Gunn et al 



axies , their number 
(119861 50 cluster per 



square degree at z — 1). The members of this red galaxy population are cu rrently known 



Dey et al. 



19991 ). The name is 



as extremely red objects 5 (EROs, probably introduced by 
broadly used in the literature to refer to many types of extreme red colour criteria using 
extremely red optical-to-IR colours (R — K > 5, R — K > 6, / — K > 4, / — H > 3, 
etc.). Later on, other criteria wer e proposed for t he selection of ERGs (e.g., J-K>2.3, 



Franx et al 



2003 



/3.6//.850 > 20 



(ERO; VRO; IERO; Hyper-ERO, 



Yan et al 



Im et al 



20041) . resulting in a var iety of acronyms 



2002 



1998 



DRG; VRG; FROG, 



Moustakas et al. 



etc.). In this work we use the term ERG to refer the general extremely red galaxy 



5 The ERO nomenclature (instead of extremely red galaxies, Hu Sz Ridewav . I" l994l ) owes its origin to 
the difficulty in disentangling red galaxies from cool galactic stars while using the R — K colour alone. 
Current multi-wavelength surveys allow for a better, yet never perfect, separation. 



An unseen Universe 



6 




14 15 16 17 18 19 
K(mag) 



Figure 1.3: The colour-magnitude diagram used to identify two high redshift candidates 
showing K ~ 16.7 and R — K ~ 5 above the model track for a central cluster elliptical 
(dotted-dashed line). Note the six optically undetected objects (with upward pointing 
arrows on the dashed line marking the i?-band limit). The brighter source is at z ~ 0.3 
(L. L. Cowie & S. J. Lilly 198 8, private commun ication) and still shows a reasonable 
R-K ~ 3.6 red colour. Credit: lElston et all fl 19881 ) 



population. 

The z > 6 d r eam o f Elst on et al. was made p ossible by the works of 



([19931), Madaul (119951 ) and 



Steidel et al. 



Steidel fc Hamilton 



( 119961 ). who showed that the Lyman continuum 



break was indeed an effective way to select high redshift sources, but the starting point 
was the z > 2-3 Universe. This technique, selecting the so-called Lyman Break Galaxies 



(LBGs), together with the Hu bble Space Telescope (HST), allowed t 



re selection of z 



galaxies still during the 1990's ( iMadau et al. 



1996 



Steidel et al. 



19991 ). and, more recently, 



of z ~ 6 — 8 galaxy ca ndidates with the incorporation of the Wide Field Camera 3 ( WFC3) 



on board HST 6 (e.g.. 



Oesch et al. 



2010 



Bouwens et al. 



2010 



McLure et al. 



20101 ). How- 



6 The reason why we had to wa it for WFC3 is due to the high thermal atmospheric IR background 
affecting ground-based telescopes ( Mountain et al. . 2009|) . preventing even the 8-10 m class telescopes, 
which have the increasing disadvantage of their strong telescope warm emission, to detect these faint 
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ever, these rest-frame ultra- violet/optical selected galaxies show a rather dust-free biased 
view of the Universe, and in that sense the work of Elston and others addressing optically 
faint galaxies (e.g. , radi o galaxies, see references above, and the luminous IR galaxies, 



Sanders fc Mirabel 



19961 ) was truly pioneering. Since then, the IR (1-1000 /im) spectral 
regime was acknowledged as one of the most relevant for the study of galaxy evolution, 
unveiling a significant population of both massive evolved systems, comprising the bulk 



of the stellar mass at such high redshifts ( IFontana et al. 



van Dokkum et al. 



2006 



Marchesini et al 



2004; 



Georgakakis et al. 



2006 



20071 ). and dusty starbursts, largely contribut- 



ing to the star formation history of the Univer se (a contribution 



that from u 



Smail et al. 



tra-y i olet /optical selected galaxies, 



2002 



Chapman et al 



2003 



Blain et al. 



Le Floc'h et al 



1999 



2005|) 



requently large r than 



Chary fc Elbaz 



2001 



Understanding and modelling the IR Universe, however, has been everything but an 
easy task, and there are still missing pieces to the puzzle. This difficulty to understand 
what we actually observe originates in the basic concept of hierarchical models: smaller 
systems merge together to form larger ones. This implies that the last galaxies to form 
are the most massive ones and these are hence younger. However, in recent years, it has 



been show n that not only massive galaxies (10 M^ ' 



(e.g., 


Lilly 




m 


8 


Mobasher et al. 


Wiklind et al. 




2008[ 


Wuvts et al. 



2005 



20094 



ones (> 10 11 M ) are mostly ellipticals (IConselice 



Papovich et al 



are already present at z > 2 



2006 



Marchesini et al. 



van Dokkum et al 



2006 



20091 ). but the most massive 



20061 ) . which show old stellar popula- 



tions, and seem to be (fully) assembled by z ~ 1. Furthermore, these apparently show 
(practically) no mass build- up activity since that epoch (either by in-sit u star-formation or 



even merger assembly, e.g. 



Cimatti et al. 



2006 



Conselice et al. 



20081 ) . Smaller systems, 



on the cont rary, continue to show signifi c ant specific star-formation (the star-format i on per 



unit mass, 



Gavazzi fc Scodeggio 



1996 



Guzman et al. 



1997 



Brinchmann fc Ellis 



2000 



high-redshift galaxies. 
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Juneau et al.. 


2005; 


Bauer et al.. 


2005; 


Bundv et al.. 


2006) 



sizing" scenario ( ICowie et al 



20061 ). This is now called the "down- 



19961 ). However, there is still a lack of agreement in defin- 
ing and characterizing downsizing. The actual evolution of massive galaxies since z ~ 
1 — 2 is unsettled. Some do defend there is no significant evolution for the most mas- 



sive galaxies, i mplying a characteristic lumin o sity /mass above w 



fully assembled ([McCarthy 



2004 



rich t 



Drory et al. 



2005 



Damen et al 



mate a slight evolution resulting from residua 



Schweizer fc Seitzer 



tivity (INaab et al. 



1992 



2007 



Barger et al 



2009 



1996 



star-formation 7 (e.g. 



re systems are 



2009). Others esti- 



Hopkins et al. 



Bezanson et al. 



20091; 



Lilly &; Longair 



1984 : 



200 9]) and minor-m erger ac- 



van Dokkum et al. 



2010|). Others 



even support the "dry" merger scenario, where two (or more) galaxies, alread y deprivec 



from gas supply, merge to 



2004 



van Dokkum 



2005 



brm a larg e r system with no enhanced star formation 



Bell et al 



2006; 



De Lucia fc Blaizot 



2007 



Bell et a 



Faber et all 120071 ). 



To increase the clutter even more, many groups oppose to the downsizing concept. They 



from high redshift s to the local Universe (e.g., 



Dunne et al 



2009 



Fontanot et al 



2009 



(e.g., 


Zhene et al. 


Karim et al. 




2011) 



2007 



Damen et al. 



2009 



201l[ ). What they support is the 



scenario where the most massive systems (likely in the most massive dark matter halos' 



start their star-formation ( and hence assembly) earlier than less massiv e ones f jBaugh et al 



1999 



Tanaka et al. 



2005 



De Lucia et al. 



2006 



Neistein et al. 



20061 ). explaining why, at 



each epoch, more massive galaxies present smaller specific SFRs than less massive galaxies. 
Still, both populations will present an equal decay of star-formation activity with time. 
The wide variety of results and opinions may be re l ated t o a plethora of reasons, 



either technica 



Hopkins et al. 



or related to selection effects f Conselice 



2008 



van der Wei et al 



2009 



20101 ) . Most likely, it seems to be a cosmic variance problem. The under- 



bids was observed in the 1980's in radio galaxies whose IR colours revealed no evolution up to z ~ 1, 
as opposed to thei r optical-IR colours sho wing a significant evolution indicative of a reminiscent younger 
stellar population (|Lillv fc Longairi Il984j) . 
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cited work of iMatsuoka fc Kawaral ( 120101 ). considering ~60000 massive (> 10 11 M ) galax- 
ies found in 55.2 deg 2 of UKIDSS and SDSS data, shows that the most massive galaxies 
(> 10 11 ' 5 M ) evolve in number rather faster when compared to less massive galaxies. This 
is in complete agreement with the results from hierarchical galaxy evolution models. Pre- 
liminary results from the Baryon Oscillation Sp ectroscopic Survey (BOSS), considering a 



110 deg 2 data set in Stripe 82 region, confirm the 



Matsuoka fc Kawaral (120101 ) conclusions 8 . 



Other technical factors may be evoked. La rge uncertainties inhere nt to mass estimates 



(highly dependent on template library, e.g. 



Marchesini et al. 



20091 ) may induce large 



and systematic — variations in each data set. Selection of massive passively evolved galax- 
ies is not homogeneous in the literature. Some groups use morphology to select spheroids 
(missing those with a recent merger history), others use rest-frame colours or even a spec- 
tral energy distribution (SED) fitting procedure (missing thos e galaxies with reminiscent 



star-formation, which induces an UV excess, see discussion in 



Conselice 



2008|). It should 



be stressed, however, that all agree on the existe nce of (extremely) mas sive (relatively 



old) galaxies at high redshifts, even at z > 3 (e.g. 



Marchesini et al. 



2009 



and references 



therein, but see 



Lilly 



1988 



for one of the first examples at such high redshifts) . 
Modelists, on the other hand, have to face a bigger problem: create a model able to 
match observations in the full observed redshift range, explaining along the process the 
disparity between models and observations and, if possible, that between conflicting ob- 
servational results. Interpreting observations implies a proper prediction, for instance, of 
redshift and colour distributions, number densities, luminosity and mass functions (Sec- 
tion II. 3p . for both massive and normal galaxies, both cluster and field samples. When 
considering EROs for the first time, hierarchical models di d fail largely to predict number 



densities, redshift distributions, and morphologies of EROs (IFirth et al. 



2002 



Roche et al. 



8 Watch the presentation at the 2011 Hubble Fellows symposium by Kevin Bundy: 
https:/ /webcast. stsci.edu/webcast/detail.xhtml;jsessionid= 
7009607225EFCBAF3A657CC31B49C119?talkid=2501&parent=l 
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2002 



1962 



Smith et al 



Tinsley 



1972 



2002) 



Larson 



lis lead people to re-evo ke monolithic collapse (jEggen et al 



1975 



van Albada 



19821 ) as the mechanism necessary to pro- 



duce the prop e rties o f such massive galaxie s at high- z (e.g., see the work by the K20 team, 



Cimatti et al. 



2002b 



Pozzetti et al. 



2003 



and companion papers). Pure luminosity evo- 
lution (PLE) models (as in 'monolithic models') did follow the basic requirements to form 
such exotic population (number densities and redshift distribu t ions) . However, PLE models 



2010 



for a review on galaxy 



fail to match the general picture of galaxy evolution ( jBensonl . 
formation theory). More recently, with the improvement of hierarchical models and the im- 
plied prescriptions (e.g., accounting for feedback processes and environment, Section [T75]) . 
many authors have claimed success predicting red galaxy properties without the need of 
PLE. However, most results are either valid under limited conditions (either at specific mag- 
nitude limits or considering only a sub-set of galaxy type) or succeed only to predict speci fic 



properties (number densities or red s 



Nagamine et al. 



mm- 



2005 



Kong et al. 



lift d i stribution; e.g., see 



2006 



Gonzalez-Perez et al. 



Kitzbichler fc White 



2007 



see also 



2009 



on 



Gabor et al. 



Overall, the difficulty in explaining the red galaxy population, among other reasons, 
points to the need of understanding the IR as one of the best means to constrain any 
state-of-the-art model of galaxy evolution. 



1.3 The power of luminosity and mass functions 

One of the long-standing problems is, without any doubt, the ability to predict the galaxy 
luminosity function (and ultimately the mass function) from the highest redshift to the local 
Universe. Luminosity and mass functions are among the best tools for the study of galaxy 
evolution. They show how galaxies are distributed (or organised) in luminosity and mass. 
By providing the relative numbers between bright and faint or massive and light galaxies, 
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they enable the determination of the evolution mechanism of galaxi es. Sometimes 



may even allow an a ttempt to establish initial conditions of formation ( IBinggeli et al. 



they 



1988 



Benson et al. 



Benson et al. 



2003 ). and draw implications to the initial baryonic power spectrum (e.g., 



20031 ). which is dire ctly correlated wit h the dark matter power spectrum 



(see the discussion, for instance, by 



Drorv et al. 



galaxy masses). In the 1970's, Schechter ( jSchechter 



2009 



on the correlation between halo and 



1975 



19761 ) proposed an analytical 



equation to describe the general shape of a LF: 



$(L) = 0.4 Zn(10) $* x io( L ~ L *)( 1+a ) x exp(-10 (L " L * ) ) 



where L is the luminosity (in logarithmic units) at which one wishes to estimate the galaxy 
number density $, a is the slope of the faint-end of the LF, L* denotes the characteristic 
luminosity at which the LF exhibits a rapid change in the slope, and $* is the normalization 
(Figure fl.4p . Although in specific occasions, multiple Schechter functions are necessary 



Drorv et al- 



to fit the observations (induced by the dependency on galaxy nature, e.g. 
20091 ). one is generally enough, and is quite useful for further comparison between results 
of different research teams. 



One of the first examples of the LF usefulness was its application to t 
ready since the beginning of the mid-20 th century (IHubble fc Humasonl . 



re Coma cluster, al 



1931 



Abell 



Zwickv 



1951 



19591 ) . The shape of Coma's LF faint-end slope has "changed" o yer the years as in 



strum entation improved and enabled the detection of fainter dwarfs (e.g.. 



Mobasher fc Trentham 



19981 ). forcing the theory to follow each new finding and peculiarity of Coma cluster (see 



the review by 



Biviano 



1998 



and references therein). 
Current observational facilities have now reached incredible depth levels, enabling 
the characterisation of the LF faint-end to higher precision levels, and providing esti- 



mates of the galaxy LF (and MF) as far back as the first Gyr of universe time (e.g. 
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LUMINOSITY (X/Z'l 




-16 -20 -22 -24 

ABSOLUTE MAGNITUDE M J(24 |, 




Figure 1.4: On the left hand side, Figure 2 from lSchechterl (119761 ) is shown as an ex ample for 
a LF (in this case, at 5000 A with observations with J(24.1) filter. lOemlerl . Il974 ). On the 
right hand side, a simple sketch showing how changing the Schechter function parameters 
affects the shape of the LF: L* fixes the horizontal shift (left panel), $* fixes the vertical 
shift (middle panel), while a determines the LF faint-end slope. 



Bouwens et al. 



2007 



Ouchi et al. 



2009 



Oesch et al. 



20101 ) . Current large deep fields 



allow for a proper statistical study on the evolution of the galaxy p opulation, enabling 



the community to pro 



3e well into the first ha 



Marchesini et al. 



2009 



Cirasuolo et al. 



2010 



f of Universe life (e.g. 



Steidel et al 



1999 



Ilbert et al. 



20101 ). and to assess evolution 



dependencies on environm e nt, ga ^ 



lar mass (e.g., 



Strazzullo et al. 



ucca et al. 



2010 



2009 



axy nature (ear 



Bo 



Ikeda et al. 



zonella et al. 



y, late, starburst, AGN 


types) am 


:. stel- 


. 2010: 


Peng et al.. 


2010: 


Fu et al.. 


2010; 



20111 ). The reader can now realise the rather com- 
plex recipe needed to establish a good match between modelling and observations. Any 
state-of-the-art m odel today has to t ake into account the ma ny physical mechanisms (e.g., 



Kay et al. 



20021 ) and scenarios (e.g., 



Henriques et al. 



2008 



on dwarf galaxy disruption), 



each accounting for a specific feature of a given galaxy LF. 

The two luminosity ends of the LF have always been (and still are) hard to predict by 
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even the most elaborated models. Since the beginning of modelling era, the faint-end slope 
has frequently been overestimated (predicted slopes are too steep, i.e., small a). Regarding 
the bright-end, we have set the scene already, a pure hierarchical model under-predicts lu- 
minous galaxies at high redshifts, while over-predicting them in the local Universe. In order 
to explain both e xtremes, a l ternative routes were taken , which led to the apparently crucial 



feedback effects (IKay et al 



2002 



Benson et al. 



2003 



and references ther ein). These are 



physi cally motivated and evidences for their existence have been observed (jVeilleux et al 



2005 



, for a review). On the one hand, the over-predicted faint-end can be explained if 



a star-forming bursting galaxy had its gas-supply ejected from its gravitation al potentia 



throu gh super-nova winds blowing the gas to the outer regions of the halo (IKav et al. 



2002 



, and references therein). Two modes can then be identified, one of them (weaker) 
allowing the recapture of the ejected gas in a later stage of evolution (Figure [T75|) or during 
a merger, while the other completely expels the gas out of the gravitational potential. Both 
are used to efficiently explain different properties of the galaxy population. Dwarf galaxy 
disruption can also account for a flatter faint-end slope. In case dwarf galaxies happen to 
be falling into the core of a cluster, tidal inte ractions or ram pressure gas-stripping ma y 



Boselli et al 



2008 



Henriques et al. 



20081 ). 



occur, preventing more stars to be formed (e.g. 

On the other hand, the quenching of star-formation in the most luminous and mas- 
sive galaxies can not be explained based on stellar winds feedback. It is just too weak 



to expel the ga s out of the deepest gravitational potentials. One 



gas conduct i on flLoewenstein fc 



Voigt et al. 



2002 



Benson et al. 



abian 



2003 



19901 



Naravan fc Medvedev 



Sokeretal 



possib 



2001 



e mechanism is 



Gruzinov 



2002 



2004 ). Conduction in the ionized gas 



drives energy into the inner regions of the halo, producing a heating effect, consequently 
increasing the gas cooling time. Depending on the halo temperature, conduction may 
become relevant. For instance, in massive hot halos, likely hosting a more significant bary- 
onic mass, massive galaxies assemble through mergers instead, as conduction may be too 
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Figure 1.5: A sketch from iBaughl ( 120061 ). showing the cooling of gas from the outer hot 
halo (solid arrows). As the gas cools and settles into a disc (green region) to form stars, 
the hottest ones soon explode as super-novae, reheating part of the cooled gas which then 
returns to the hot halo (dashed arrows) or is even completely expelled (dotted arrows). 
The blue region refers to the dark matter halo. 



Benson et al 



((20031) reach a 



strong for the gas to condense through cooling flows. In fact, 
better matching to the observed LF (in both luminosity ends) when comparing with other 
kinds of feedback, with the caveat that it seems to require extremely high conductivity 
val ues. As an alt e rnative, a s uper-wind may be evoked (see the seminal modelling work 



by 



Granato et al. 



2001 



20041 ). The source of such magnitude is now believe to reside at 
the centre of each galaxy, in the form of a super massive black hole (SMBH). These are 
strong enough to deplete a galaxy halo of gas-supply (without recapture), quenching the 
star-formation activity, preventing a galaxy to grow larger, and hence producing the sharp 
edge of the LF bright-end. However, there is growing evidence for multiple active galac- 
tic nucleus (AGN) accretion modes, and each is applied differently depending on galaxy 
nature and cosmic time. For instance, the "radio mode" (the low accretion rate version) 
becomes gradually more significant toward lower redshifts, while the merger induced short 
blast-wave-like AGN feedback (the "quasar mode") peaks at high redshifts (2 < z < 4, 
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Croton et al 



notable (see 



2006b 



a 



Somerville et al. 



Bower et al. 



2006 



2008 



Fontanot et al 



201 ll ). The improvement is 



for probably the best matching result achi eved by a mode l 



accou nting for AGN feedback), yet still not perfect at the LF faint-end (jCirasuolo et al. 



20101 ) . thus still needing some fine-tuning. Hence, observations are fundamental to con- 
strain the models. It is of the utmost importance to quantify and characterise the AGN 
population throughout Universe time, to pinpoint critical stages of evolution and to study 
how the interplay between host and AGN determines the evolution of both. As we shall 
see in the following section, and Nature would not do it in any other way, this is anything 



but straightforward. 



1.4 Finding AGN 



AGN are an intriguing force of Nature. It is w i dely believed that accretion onto a nu- 



clear SMBH is the key for AGN activity flRees 



19841 ) . The study of AGN populations 



started back i n the 1960's with the identifica t ion of the first quasi stellar o bject (the radio 



source 3C-48, 



Greenstein fc Matthews 



rately with Carl Seyfert 20 years earlier (ISevfert 



963 



Matthews fc Sandage 



1943 



19631 ). or more accu- 



although the AGN nature was only 



acknowledged in the mid-1970's). Now known as Seyfert galaxies, these systems were clas- 
sified depending on the properties of their spectra: Seyfert l's (showing broad and narrow 
emission lines) and Seyfert 2's (showing only narrow emission lines). Intermediate classifi- 
cations were than needed owing t o an a pparent continuum of properties between these two 



classes (e.g.. 



Osterbrock fc Koski 



1976J). A new paradigm was about to come to light after 



the s t udy of optical spectra of p o 



1983 



Antonucci fc Miller 



fsee also 



1985). 



Antonucci fc Miller 



arized ligh t 



Antonucci ( 



1985 



and 



from Seyfert 2 galaxies ( IMiller fc Antonucci 



1993) described it as the unified AGN model 



Urry fc Padovani 



1995). In this scenario, the cen- 



tral engine, a SMBH, is common to all AGN, and the observed differences are assigned to 
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Figure 1.6: A representation (not to scale) of the unified AGN model (left hand side). 
The black hole and the accretion disc are indicated at the centre. Broad line features 
originate from cloud s close to the nucleus (~ 100 light-days) or from an accretion disc 
( jShakura &: Sunyaevl . 119731 ) . but may be obscured by the dust torus (~100 light-years in 
diameter) depending on the viewing angle. Narrow line regions are farther (~1000 light- 
years) from the nuclear source. Also shown is a radio jet coming from the central engine. 
On the right hand side, the detect ion with HST of a dust y thin disc surround ing the nu- 
clear s ourc e of NGC 4261. Credit : Urrv fc Padovanil ( 1995 . left hand side), and Jaffe et al. 
(119961 ) and iFerrarese et al.l (119961 right hand side). 



different viewing angles of the central SMBH (Figure [I~6]) . Nowadays, other AGN types 
(e.g., radio AGN and Blazars, X-ray type-1 and type-2 AGN) have also been linked to 



the unification model, and our understanding o 



clumpy dust torus models (INenkova et al. 



2008; 



it has improved by the c onsideration of 



Honig fc Kishimoto 



20101 ). instead of the 



obser vations ( jMaccacaro et al 



. 1982: 


Elvis et al.. 


2004; 


Gaskell et al.. 


2007; 


Risaliti et al. 



20071 ). also point to the possibility that cold gas inflows, and not a dust torus, are the cause 
for the bulk of absorption of the X-ray emission from the accretion disc. 

Most of the work done until the 1990's was based in ultra-violet (UV) or optical, 



while radio would only provide rare extreme objects. Today we know that light originated 



17 



Chapter 1. Introduction 



in such type of activity is seen throughout the complete electromagnetic spectrum and 



detectable up t 


o the highest known re< 


; shifts (e.g., 


Jiane 


et al. 


Nenkova et al.. 


2008; 


Schneider et al.. 


2010; 


Ricci et al.. 


2011 



2006 



Seymour et al. 



2007 



and references therein). 



The X-rays regime is currently the most preferred one to study AGN evolution. This 
relates to the fact that, such high spectral energies can only hold for powerful mechanisms, 
which normal stellar populations are unable to achieve. Hence there is a stronger domi- 
nance in the X-rays from AGN emission over that of host galaxy, when compared to what 
happens at UV/optical wavelengths. Adding to that, obscuration will affect less the X-rays 
emission as opposed to UV and optical. This improves with increasing redshifts as more 
energetic rest-frame energies (hence less affected by dust) will be observed. Nonetheless, X- 
rays still surfer significant obscuration. One of the biggest evidence is the observed cosmic 
X-ray background (CXB), which has been resolved approximately 10 years ago at a 70-90% 

i ) by Chandra and 



XMM space te 


escoi 


3es ( 




ushotzkv et al. 


Worslev et al. 




2004 




2005 


). However, it 



2000 



Giacconi et al. 



2001 



Bauer et al. 



2004 ; 



Worslev et al. 



2004 



2005 



and 



with increasing spectral energies (down to 50% at > 8 keV, 
references therein). This is due to a high fraction of unobscured sources easily detected 
at softer energies, and high intrinsic obscuration column densities (Nh) in the sources 
comprising the hard CXB. Seyfer t 2s ar e four times more numerous than Seyfert Is in the 



local Universe ( iMaiolino fc Rieke 



199 5]), being half of the Sey 



Maiolino et al. 



thick (log(N H [cm- 2 ]) > 24 
obscured:unobscured source ratios o 
thesis mode 



1998 



Risaliti et al. 



' ert 2s classified as compton 



19991 ). At higher redshifts, 



Tozzi et al. 



§J 



Comastri et al 



2001 



3:1 to 4:1 are pred i cted based on the CXB and syn- 



Ueda et al 



2003 



Gilli 



2004 : 



Treister et al. 



2005 



20061 ) . In deep fields, however, the ratio seems to be smaller (2:1, due to in- 



completeness toward obscured objects) , but can get as h i gh as 6:1 when considering specific 



galaxy populations (SCUBA galaxies, 



Alexander et al. 



2005 



and this work, Chapter [2]). 
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Hence, although reliable, X-rays AGN studies may be significantly affected by enhanced 
obscuration, specially at high redshifts. 

The IR, on the other hand, shows a so mewhat complementary view. Long kno wn since 



the 1970's (with ground-based telescopes, 



Kleinmann fc Low 



1970 



RiekeJ, 



erences therein) and 1980's (with the start of IR 



space-based observat ions 



1978 



, and ref- 



1985; 


Milev et al.. 


1985; 


Neueebauer et al.. 


1986; 


Sanders et al.. 



de Grijp et al. 



19891 ). active galaxies are 



prone to show intense emission at IR wavelengths. This is mostly due to the already 
referred dust obscuration hiding AGN signatures at optical and even X-ray wavelengths. 
The absorbed energy is subsequently reprocessed by the enshrouding dust and emitted at 
IR wavelengths, producing a power-law shaped emission excess beyond 1.6 /mi 9 . This is a 
powerful tool as it allows the selection of AGN sources not revealed at other wavelengths. 
A major accomplishment in recent years has been the development of purely photometric 
techniques, in the 3-8 /mi range, for the efficient selection of sources with enhanced IR 
emission re dward of the 1.6 um stellar peak, characteristic of an ac t ive galactic nucleus 



(AGN; e.g. 



Fiore et al 



Lacy et al. 



2008 



2004 



Stern et al. 



2005 



Polletta et al. 



2006 



Donley et al. 



2007 



and this work). These techniques effectively allow for the detection of 
a significant fraction of AGN sources missed even by the deepest X-ray-to-optical surveys. 

It should be mentioned that none of the spectral regimes should be discarded in detri- 
ment to any of the remainder for the purpose of AGN selection (unless the science case 
implies such assumption). Each one of them is sensitive to specific (and sometimes distinct) 
AGN populations and/or phases and/or regions of emission (e.g., Figure fL6|) . Although 
some overlap between these AGN populations is expected, they should all be considered 
in ensemble (radio included), if the ultimate goal is the complete selection of AGN host 
galaxies. Geared with such tools and with the recent developments on clumpy dust torus 



9 Blueward of this wavelength, the contribution of AGN emission through this reprocessed light mech- 
anism diminishes significantly due to dust sublimation. Only scattered light and the tail of the Wien's 
thermal emission from the hottest dust grains are expected. 
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models (e.g. 



Nenkova et al 



2008 



Honig fc Kishimoto . 



20101 ) . it is now possible to address 



with unprecedented detail the evolution of AGN host galaxies up to high redshifts. 



1.5 Dust everywhere 



As it was frequently highlighted in the previous sections, dust exists and its effects can- 



not be underestimated. There are clear evidences that dust is common in t 



Chary &: Elba2 



2001 



Hauser fc Dwek 



2001 



Le Floc'h et al. 



re Universe 



2005 



Dole et al. 



2006 



Franceschini et al 



20081 ) and i s observed ev e n at high redshift (e.g., in the radio-quiet QSO at z — 4.69 an- 



nounced by 



Omont et al. 



19961 ). Hence, not only a significant number of galaxies is missed 



even in the deepest UV/optical surveys due to extreme dust obscuration, but corrections 



have also to be applied to the light reaching us from the re mainder ga 



ing a n undesired model-dependency to the process (e.g. 



Buat et al. 



axy population, bring 



2005 



Bouwens et al 



20091 ). This forced the community to turn its efforts to other wavelength regimes. Al- 
though optical telescopes have been those to provide the deepest and sharpest views of the 
sky, facilities at other wavelengths will soon catch up, such as IR (with James Webb Space 
Telescope launch in 2018), millimetre (ALMA currently coming online), and radio obser- 
vatories (the very large baseline arrays and coming facilities such as ASKAP, MeerKAT, 
and MWA as precursors of the long- waited SKA). 

Hence, it is of great importance to determine, for example, how much dust is present 
in galaxies, how muc h does dust affects the light reaching us, and how it has evolved 



through cosmic time (IDunne et al. 



201lh . For this purpose, the IR and millimetre (mm) 



spectral regimes have been the best unveiling the properties of dust in galaxies (for a re- 



view, see 



Hunt 



20101 ). as it mostly emits at these wavelengths. The X-ray-to-optical light 
absorbed by dust, is reprocessed and re-emitted at IR wavelengths. Hence, the IR is a 
viable tool to evaluate the dust content in galaxies. And in its turn, dust is believed to 
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be produced either 



Meikle et al.. 


2011 


) and 


1989 




Ferrarotti & Gail. 



by super novae (jRho et al 



2008 



Kotak et al 



2009 



Barlow et al. 



20111) and/or low/intermediate mass asymptotic giant branch stars ( 



2010 



Gehrz 



2006 



Sargent et al. 



20101 ). Dust itself may then be an indicator 
of the current and past star- formation history of a galaxy. However, much of the work 



done to this regard at IR and mm wavele n gths (e.g., 



Blain et al 



1999 



Le Floc'h et al. 



2005 



Saunders 



Jacobs et al 



1990 



Saunders et al. 



1990 



20111 ). has relied on shallow data 



or in small number statistics when compared to optical-based studies. This is related to 
the yet unsolved lack of multiplexing spectral power and/or sensitivity of mid-IR (> 8 fim) 
facilities (space- and ground-based 10 ), and the sensitivity of mm facilities. This implies 
that all but the brightest sources in the sky will be possible to study. Consequently, the 
conclusions arising from those studies can not be, by any means, generalised to the overall 
galaxy population. One way to solve the problem is through the application of stack- 



ing techniques 



Lee et al. 



2010 



Zheng et al 



Rodighiero et al. 



2006 



2010 



Martin et al 



Greve et al. 



2007: 



2010 



Aflartmez-Sansigre et al. 



Bourne et al. 



2009 



20111 ). allowing 



the estimate of the general properties of a given population, yet limiting any study relying 
on luminosity functions. 



1.6 Thesis outline 

This thesis is mostly focused on galaxy populations selected at IR wavelengths. As de- 
scribed above, recent years have assigned them a crucial roll on unveiling the mysteries of 
galaxy evolution from the early Universe to what we see locally. 

10 Ground-based facilities have in addition to account for the strong atmospheric thermal background, 
preventing a proper study of the faintest galaxies. 
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1.6.1 Extremely red galaxies 

Chapter [2] presents a multi- wavelength analysis of the properties of Extremely Red Galaxy 
(ERG) populations, selected in the GOODS-South/ Chandra Deep Field South field. In 
the literature, there are many criteria with which to select sources presenting extreme red 
colours ((R-K) vega > 5, (R-K) vega > 6, (I-K) vcg& > 4, (I-H) vcga > 3, (J-K) vcga > 2.3, 
fss/ fzsso > 20, etc.). This resulted in a plethora of acronyms (ERO, VRO, IERO, Hyper- 
ERO, DRG, VRG, FROG). Together with the fact that the AB photometry system and/or 
similar (yet different) filters are also often considered, it was difficult for the community to 
have a complete and uniform understanding of the ERG population (e.g., while comparing 
model and observational results). Here, we study and compare three of the most frequently 
referred criteria (Extremely Red Objects, 2775 — K s > 2.5; IRAC Extremely Red Objects, 
f3s/fz850 > 20; and Distant Red Galaxies, J — K s > 1.35) to assess their un i que a nd 



Messias et al. 



(120 lOf ) is 



common properties. A different statistical analysis from the one in 
adopted, where uncertainties related to low S/N photometry and limitations in modelling 
SEDs are accounted for. By using all the photometric and spectroscopic information avail- 
able on large deep samples of Extremely Red Objects (EROs, 553 sources), IRAC EROs 
(IEROs, 259 sources), and Distant Red Galaxies (DRGs, 289 sources), we derive redshift 
distributions, identify AGN powered and star-formation powered galaxies, and, using the 
radio observations of this field, estimate robust dust-unbiased star formation rate densities 
(/?*) for these populations. We also investigate the properties of "pure" (galaxies that con- 
form exclusively to only one of the three ERG criteria considered) and "combined" (galaxies 
that verify simultaneously all three criteria) sub-populations. Overall, a large number of 
AGN are identified (up to ~ 25%, based on X-ray and mid-IR criteria), the majority of 
which are type-2 (obscured) objects. Among ERGs with no evidence for AGN activity, we 
identify sub-populations covering a wide range of average star-formation rates, from below 
10M Q yr~ 1 to as high as 140 M yr" 1 . Applying a redshift separation (1 < z < 2 and 
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2 < z < 3) we find significant evolution in p*. While EROs and DRGs follow the general 
evolutionary trend of the galaxy population, no evolution is observed for IEROs. However, 
IEROs are the largest contributors (up to a 25% level) to the global p* at 1 < z < 2, while 
EROs may contribute up to 40% at 2 < z < 3. The radio emission from AGN activity 
is typically not strong in the ERG population, with AGN increasing the average/median 
radio luminosity of ERG sub-populations by, nominally, between ~10 and 25%. However, 
AGN are common, and, if no discrimination is attempted, this could significantly increase 
the ERG p* estimate (by 200% in some cases). This can be understood in two ways: either 
the AGN host population is indeed actively forming stars or AGN emission can strongly 
bias such studies. Hence, although the contribution to the radio luminosity of star-forming 
processes in AGN host galaxies remains uncertain, one can still estimate lower and up- 
per limits of p* in ERG populations from the radio alone. A comparison between the 
radio estimates and the UV spectral regime confirms the dusty nature of the combined 
populations. 

ERGs are known to be massive systems at high redshift, and, in this work, mass 
functions are produced and stellar mass densities estimated, showing that at 1 < z < 3, 
60% of the mass of the universe resides in ERGs. A morphology study is pursued for a 
better characterization of this ERG sample, revealing an interesting population of DRGs, 
which show a mixture of young and old stellar populations together with obscured AGN 
activity. These results all together may point to the fact that EROs, IEROs, and DRGs 
are all the same population, yet seen in different phases of evolution. 

1.6.2 The IR selection of AGN 

Chapter [3] is focused on the AGN selection at IR wavelengths. It is widely accepted that 
the mid-IR (MIR) enables the selection of galaxies with nuclear activity, which may not 
be revealed even in the deepest X-ray surveys. Many MIR criteria have been explored to 
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accomplish this goal and tested thoroughly in the literature. The main conclusion is that 
at high redshifts {z > 2.5) the contamination of these AGN selection criteria by non-active 
galaxies is abundant. This is not at all appropriate for the study of the early Universe, 
the main goal of many of the current and future deep surveys. Using state-of-the-art 
galaxy templates covering a variety of galaxy properties, we develop improved near- to 
mid-IR criteria for the selection of active galactic nuclei (AGN) out to very high redshifts. 
With a particular emphasis on the James Webb Space Telescope (JWST) wavelength range 
(1-25 //m), we develop an improved IR criterion (using K and IRAC bands, KI) as an 
alternative to existing MIR AGN criteria for the z < 2.5 regime. We also develop a new 
MIR criterion which reliably selects AGN hosts from local distances to as far as the end 
of re- ionization (0 < z < 7, using K, IRAC, and MIPS-24 /mi bands, KIM). Both KI 
and KIM are based in existing filters and are suitable for immediate use with current 
galaxy observations. Control samples with deep mult i- wavelength coverage (ranging from 
the X-rays to radio frequencies) are also utilized in order to assess the quality of the new 
criteria compared to existing ones. We conclude that the considered galaxy templates and 
control samples indicate a significant improvement for KI over previous IRAC-based AGN 
diagnostics, and that KIM is reliable even beyond z ~ 2.5. 

1.6.3 The contribution of dust to the IR 

Chapter H] explores the extension of the current FIR/mm studies, on the cold (T< 100 K) 
dust re-emission dominating at those wavelengths, to the hot (T> 1000 K) extremes of 
dust re-emission (< 8 /jm) using observations on the Cosmic Evolution Survey (COSMOS, 



Scoville et al 



20071 ). The study is mostly based on data from the IR array camera (IRAC) 



on board the Spitzer Space Telescope (Spitzer), facility which, in less than a decade, has 



n We note that even though the launch of JWST is still unsettled (2018 is now the year of launch), 
we remember that there is still a wealth of data to be explored from IR space telescopes such as Spitzer, 
Akari, and WISE. 
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contributed so much to the field of galaxy evolution (for a review, see ISoifer et all 120081 ). 
The goal is to estimate the dust contribution to the SED of the galaxy population at shorter 
IR wavelengths, regime which has never been explored for such purpose. The sample 
is divided into redshift ranges where specific polycyclic aromatic hydrocarbons (PAHs) 
features (3.3, 6.2, and 7.7/im) are expected to be observed by Spitzer-IRAC filters, and to 
which hot dust is known to contribute significantly. Although PAHs are not actual dust 
particles, they comprise a significant fraction of the Carbon existing in the universe, they 
are believed to be closely related to star-formation activity, and to reprocess a substantial 
fraction of UV -light into the IR wave-bands, hence being a major source of obscuration 



(Tielens 



201 ll ). The IR continuum comes from dust heated by energetic radiation fields. 
Vigorous obscured star-formation can account for such emission as well as AGN activity. 
However, the overall stellar population also emits at these wavelengths, even frequently 
dominating at < 3 /jm and peaking at 1.6 /mi, due to the H~ opacity minimum in stellar 
atmospheres. In this chapter, we describe how this is taken into account to derive the final 
dust luminosity density functions. Dependencies on both redshift and galaxy nature are 
estimated. We report a concerning AGN-induced source of significant bias to any mass 
estimate procedure relying on IR luminosities, specially at high redshifts. Valid counter 
arguments to other possible mechanisms giving origin to such effect are also discussed. 
Finally, evi dences for th e conn ection of the AGN population to the known bimodality of 



the IR LF flDrorv et al. 
faint ends. 



2009 



and references therein) are presented at both bright and 



1.6.4 Future work 

A thesis work is never complete and there is always room for improvement. The work 
presented here is no exception. 

In Chapter [5] we detail the many galaxy properties left to be explored in the ERG 
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population, the questions still left to be answered on ^-selected galaxy samples, and we 
describe the work currently being pursued for the development of a stacking algorithm for 
the application of stacking analysis on ASKAP data (one of the precursors of SKA). 

The IR AGN selection may still require some fine tuning, as, for instance, it has never 
been tested against the emission from TP-AGB stars. Knowing that it peaks at ~ 2 //m, we 
believe the contamination will happen at higher redshifts (when the 8.0 /im band probes the 
2 /on rest-frame wavelength), unless even higher wavelength bands are used (e.g., 24 /an). 
Also, it is in the high-redshift regime where a larger incidence of systems with enhan ced 



TP-AGB stellar emission is known to reside ( Maraston 



2005 



Henriques et al. 



20111 ). If 



such effect in the IR regime significantly affects IR AGN selection, than we a re forced to use 



only 



2006 



the most restricti ve AGN criteria (like the bright IR excess sources, e.g.. 



Polletta et al 



Dey et al. 



20081 ) or to rely solely on the remainder spectral regimes, which sometimes 
is not the ideal scenario. On the other hand, if the criterion is confirmed to be efficient 
even when TP-AGB stellar emission is present, we will be able to track AGN activity from 
the earliest stages of cosmic time. This will provide AGN host populations with an enough 
number of sources to constrain any kind of model considering AGN activity, and in a large 
redshift range < z < 7. Also, as soon as JWST becomes online, the filter set proposed 
in this work for the IR selection of AGN up to z < 7, should be tested. 

Taking advantage of the large source numbers we have studied in COSMOS field, we 
also describe in this chapter how we plan to use stacking analysis to directly compare the 
hot-dust regime (3-8 /im) with the cold one emitting at FIR/mm wavelengths. 

Finally, we describe future prospects as a result from this thesis. Among them, an on 
going project on passive disc galaxies at high redshifts (1 < z < 3). We propose an IR 
selection criterion, while providing evidences for its efficiency using the latest data from 
WFC3 on board EST. Possible explanations are given and the implications for such a 
population to exist at these redshifts are discussed. These galaxies are one of the ultimate 
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goals of ALMA science, thus being one of the most significant outcomes of this thesis. 

Throughout this thesis we use the AB magnitude system 12 , we consider a ACDM cos- 
mology is assumed with H = 70 km s" 1 Mpc -1 , Qm — 0.3, Q\ — 0.7, and we adopt a 



Salpeter (ISalpeter 



19551 ) initial mass function (IMF). 



12 When necessary the following relations are used: 
(K, H, J, T) AB = (K, H, J, l) Vega + (1.841, 1.373, 0.904, 0.403) from lRoche eTal 
IRAC: ([3.6], [4.5], [5.8], [8.0]) AB = ([3.6], [4.5], [5.8], [8.0])y eS a 
http:/ '/spider, ipac. caltech. edu / staff/ gillian/cal.html 



(2.79, 



(120031) : 
3.26, 3.73, 



4.40) from 



Chapter 2 



A multi-wavelength approach to 
Extremely Red Galaxies 



2.1 Introduction 



In an attempt to constrain hierarchical models of galaxy formation, the last few years 
have seen optical-to-infrared or infrared-to-infrared colour criteria being used to find high- 
redshift galaxies h osting evolved stellar populations. Extremely Red Obje cts (EROs , 



Roche et al 



20031 ). IRAC-selected ERO s (IEROs, a l so kn own as IR EROs 



Yan et al 



2004 ) and Distant Red Galaxies (DRGs, 



Franx et al 



20031 ) were thought to identify old 



passively evolving galaxies at increasing redshifts (from z > 1 for the EROs/IEROs to 
z > 2 for the DRGs) , for which a prominent 4000 A break (as a result of absorption from 
ionized metals, e.g., the Call H and K breaks) would fall between the observed bands. 
These techniques, however, are also sensitive to active (star-f orming, AGN o r both ) high- 



redshift dust-obscured galaxies (0.6 < E(B — 



intrinsically red sp e ctral energy dis t ribut ions (ISmail et al. 



star 



< 1.1, 



Cimatti et al. 



2002 



2002a 1. with 



Alexander et al. 



2002 



Afonso et al.. 


2003; 


Papovich et al.. 


2006) 



20061 ). These active members of the Extremely Red 
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Galaxy population (ERGs, as we will collectively call EROs, IEROs, and DRGs) are also 
important targets for further study given tha t they constitute a d usty population of galax- 



ies easily missed at optical wavelengths (e.g. 



Afonso et al. 



20031 ) . A challenge in studying 



the nature of the red galaxy population is the difficulty in disentangling the effects due to 
redshift, dust-obscuration, and old stellar populations. 

Identifying the so-called "Passively Evolving" and "Dusty" ERGs is a fundamental and 
particularly difficult task, where optical spectroscopic observations are of limited use. The 
identification and study of Active Galactic Nuclei (AGN) or star-formation (SF) activity in 
these galaxies, for example, requires multi-wavelength data from X-ray to radio frequencies. 
Long wavelength radio observations are of particular interest here, given the possibility to 
reveal the activity in these obscured systems and, for star-forming dominated galaxies, 
allowing for a dust-free estimate of their star- formation rates (SFR). 

In this chapter we present a comparative study of different ERG populations. Using 
the broad and deep wavelength coverage in the Great Observatories Origins Deep Sur- 
vey South (GOODSs) / Chandra Deep Field South (CDFs), we select samples of EROs, 
IEROs, and DRGs and estimate their common and unique properties considering a new 
statistical approach. With the extensive photometric data available we explore the redshift 
distribution, SFR and mass densities, AGN activity, and dust content in these galaxies. 
The radio regime and a stacking procedure are considered to estimate dust-free SFRs and 
the contributions of the overall red galaxy populations and that with no detected AGN 
activity to the global star formation rate density (/?*). 

The structure of this chapter is as follows. Sample selection is described in Section 12.21 



Section 12.31 addresses the AGN identification technique. In Section 12.41 the ERG sample 
is characterised, leading to the estimate of the dust-free contribution to p*, dust content, 
mass functions (MFs) and mass densities (pm), and morphology parameters. Finally, the 



conclusions are presented in Section 12.51 
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2.2 Sample Selection 

The GOODS was designed to assemble deep multi- wavelength data in two widely separated 
fields: the Hubble Deep Field North (HDFn) and the CDFs. Specifically the southern 
field includes X-ray observations with Chandra X-ray Observatory (Chandra) and XMM- 
Newton; optical (BVIz) high resolution imaging with the ACS on-board the HST; NIR and 
mid-infrared (MIR) coverage with the Very Large Telescope ( VLT) and the Spitzer Space 
Telescope (Spitzer), respectively; and radio imaging with the ATCA, VLA, and GMRT. 
These data are among the deepest ever obtained. Large programs aiming at comprehensive 
spectroscopic coverage of this field are also being performed. The quality and depth of such 
data make these fields ideal to perform comprehensive studies of distant galaxies and, in 
particular, of the ERG population. 



2.2.1 Methodology 



ERGs are in general faint galaxies. At z = 2.5, for instance, Arp220 (M82) would present 
a colour I — K ~ 3.5 (3) and a i^-band flux of fx ~ 1 (2) /iJy Hence, although we consider 
a data-set amongst the deepest available, many ERGs will be found at a low signal-to- 
noise level. This implies larger errors in the photometry (from X-rays to radio frequencies) 
and any other estimate based on it. Take the photometric redshift for example. This 
technique is based on the broad-band spectral coverage available for a given galaxy (and, 
most times, in the adopted simple stellar population models), hence, highly dependent 
on the photometry precision. As one can expect, a photometric redshift estimate is less 



precise than a spectroscopic one. This is evident from Figure I2TT1 There, two light cones 
are presented, where the one s een at the bottom c onsiders spectroscopic data from Galaxy 



and Mass Assembly (GAMA, 



Driver et al. 



20091 ). while the light- cone at the 



the estimated z p hot (computed by Hannah Parkinson using ANNz, 



Firth et al. 



;op s hows 



2003, and 
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Figure 2.1: Two light cones show how spectroscopic redshift estimates recover well the 
large scale structure of the Universe, while photometric ones do not, even when achieving 
acceptable results (small inset on the top left showing a close to one-to-one relation). 
The spectroscopic redshifts come from the GAMA survey, while the photometric redshifts 
estimated for the same sources were computed by Hannah Parkinson using ANNz. Credit: 
Simon Driver and the GAMA team. 

calibrat ed with the corr esponding GAMA z S pcc) for the same Sloan Digital Sky Survey 



(SDSS, 



York et al. 



20001 ) sources. Although the ANNz algorithm produces predominantly 
a one-to-one z spec — z p hot match (small inset on the top left in the figure), the photometric 
procedure does not recover the large scale structure clearly evident in the spectroscopic 
light-cone. 

When a photometric redshift is assigned to a galaxy, in reality, what is implied is a 
redshift probability distribution (PD) with a characteristic value z p hot (the value at which 
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the integration of the PD reaches 0.5, i.e., 50% probability) and lower/upper limits (set 
by the values at which the integration from the edge s of the PD reache s, for example, 



0.317/2, i.e., ~ 16%, equivalent to la confidence limits. IWuyts et all 120081 ) . The accuracy 
and precision of the redshift estimates is important for the study of galaxy evolution 
with redshift, specially for samples mostly relying on photometric redshifts. Consider the 
following basic example, if one wants to know how many galaxies there are at 2 < z < 3 
in a sample of three galaxies with z p h t = 1.9,2.5,3.2, normally, the answer would be one 
galaxy. However, if we would estimate the probabilities (V) of each one of these galaxies to 
be at 2 < z < 3 and get V = 45%, 100%, 45%, the answer would have to be (approximately) 
two effective galaxies. Not only that, but if in a subsequent step one wishes to estimate 
average properties of the sample (luminosities, masses, etc.), the final value would not be 
based in just one object, yet in three measurements weighted by their probability, implying 
a much more reliable statistical value. 

In this work we adopt the following methodology: whenever applying constraints to the 
sample (those being magnitude or colour cuts, redshift ranges, etc.), we assign to each 
source its probability to fulfil the imposed constraints. From that moment on, whenever a 
given source is taken into account while estimating general properties of a sample (effec- 
tive source counts, redshift distributions, luminosities, masses, etc.), its contribution is 
weighted by the probability to fulfil such constraints. 

Obviously, every source will have a non-zero probability to conform any considered 
constraint in this work. Hence, we adopt a limit below which a source is not considered. 
A source is only taken into account if its probability to fulfil a given sample constraint is 
V > 0.317/2 (~16%), meaning that every considered source in this work is at most la 
away from the established constraint. 

Henceforth, every number presented in this chapter refers, unless the nominal value is 
stated, to the effective (or expected) number — approximated to unit — estimated after 
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considering all the weights of the sources in a sample. 



2.2.2 The FIREWORKS catalogue 



We use the FIREWORKS K s -band selected catalogue from GOODSs flWuvts et all . 120081 ). 
This provides reliable photometry from ultra-violet (UV) to IR wavelengths (0.2-24/xm) for 
each sour c e det ected in the K s ISAAC/ VLT maps (ISAAC GOODS/ADP vl.5 Release, 



Vandame . 



20021 ). thus covering an area broadly overlapping the HST ACS observations. 
The widely different resolutions between optical and IR bands are properly handled to 
allow consistent colour measurements. This is performed by adjusting the optical HST 
and NIR VLT images to a common resolution and by fitting the IRAC, and MIPS images, 
using the prior knowledge about position and extent of sources from the K s -band image 
and considerin g the larger mid-IR point spread functions (for a detailed description of the 



procedure, see 



Wuyts et al 



20071 . 



20081 ) 



Resdshift e stimates are also provided in the F I REW ORKS catalogue. Recently, the 



VIMOS team ( jPopesso et al. 



2009 



Balestra et al. 



20101 ) has also released a set of spec 



trosco py data which is also considered in this work, as well as those referred by 



Silverman et al 



( 120101 ) on Chandra and VLA detected sources. Spectroscopic observations are used essen- 
tially for redshift information with which to derive the intrinsic luminosities of ERGs. Only 
good spectroscopic redshift determinations 1 were considered, comprising 22% of the ERGs 
(Table I2.ip . For the remain ing sources, pho tometric redshift estimates from the FIRE- 



WORKS catalogue and from 



Luo et al. 



(120101 ) were considered. The redshift distributions 



will be discussed in Section 12.4.11 

The FIREWORKS catalogue contains (nominally) 6308 ^-selected sources. To allow 
for robust selection of our ERG populations the following requirements are considered: (i) a 

1 Quality flag equal or gr eater than 0.5 in IWuvts et al. ( 20081 ). flag 'A' in VIMOS catalogue, and flag 
'2' inlSilverman et all (l2010l). 



Table 2.1: ERG number statistics: sample overlap, counterparts, and classification. 



POP 


Ntot" 


ERO 


IERO 


DRG 


N 

ly spec 






X-Ray 






Kl d 


MIPS 


KIcr e 


Radio 




N AGN / 














XR b 


Al c 


A2 C 




Q2 C 


nN H c 




24/xm 




1.4 GHz 






ERG 


628 (607) 


553 


259 


289 


140 


72 


14 


26 


3 


17 


7 


111(27) 


338 


16 


24 


154 


(25%) 


ERO 


553 (541) 


553 


249 


212 


130 


67 


13 


25 


3 


15 


7 


85(24) 


308 


12 


23 


127 


(23%) 


IERO 


259 (258) 


249 


259 


163 


30 


39 


9 


11 


2 


9 


5 


64(17) 


167 


10 


16 


85 


(33%) 


DRG 


289 (280) 


212 


163 


289 


33 


40 


10 


11 


2 


10 


4 


94(19) 


175 


16 


14 


114 


(39%) 


cERG 


156 (156) 


156 


156 


156 


14 


29 


8 


9 


1 


6 


4 


51(13) 


109 


9 


10 


66 


(42%) 


pERO 


234 (234) 


234 








90 


21 


2 


12 





4 


2 


8(4) 


110 





6 


24 


(10%) 


pDRG 


61 (61) 








61 


9 


4 


1 


1 





2 





22(2) 


24 


2 





23 


(38%) 



Note. — The numbers displayed are effective counting and approximated to unit. 

a Total number of sources in each (sub)sample and. in parenthesis, those which have good photometry in all bands involved in the ERG 

criteria: 1775, zsscb J, K s , and 3.6/im. 
b Total number of X-ray identifications. 

c Number of sources classified as type-1 or type-2 AGN (Al or A2, respectively), type -1 or type-2 Q S O (Q l or Q2, respectively), and 



AGN with undetermined type (no Nh determination, column nNjj) according to the ISzokolv et al.l (|2004l ) criterion. 
d Number of sources selected as AGN by the KI criterion (final corrected number) . 
e Sources whose KI AGN probability has been corrected based on [8.0]- [24] colours. 

f Total number of sources classified as AGN, considering all AGN identification criteria, along with the equivalent fraction in the total 
(sub)population. 
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magnitude completeness limit of K s tot — 23.8 AB, (ii) a flux error less than a third of the 
flux, (in) no strong neighbouring sources affecting the flux estimat e s, and , (iv) following 



Wuyts et al. 



(120081 ). adopt a pixel 



the prescription for robust photometric samples from 
weight limit of K s w> 0.3, which takes into account local rms and relative integration 
time per pixel and allows the rejection for bad/hot pixels and pixels with other kind of 
artefacts 2 . This results in a ^-selected sample of 4274 sources at K s tot < 23.8. 



2.2.3 Red Galaxy Samples 



Three categories of ERGs are considered: 



EROs: i 775 - K s > 2.5 (IRoche et all . 120031 ): 



IEROs: z S50 - [3.6] urn > 3.25 flYan et all I2004J ): 



DRGs: J - K s > 1 .35 f Franx et al. 



20031 ). 



Whenever a source is not detected in one of the bands (2775, Z850; J or 3.6 //m), a limit 
to its magnitude is assumed (we adopt the 3a flux level based on the local rms provided in 
the catalogue). In the case of unreliable photometry (e.g., K s w< 0.3), the corresponding 
source is not considered further. Thus, only ERGs with robust photometry in both of 
the bands used for their identification are considered. The resulting ERG sample, with 
robust photometry, contains 628 objects: 553 EROs, 259 IEROs, and 289 DRGs, down to 
the adopted magnitude limit of K s> tot = 23.8 AB. These classifications are not exclusive, 
with individual objects potentially included in more than one classification, as illustrated 



in Figure [221 

It should be noted that FIREWORKS is a ^-selected catalogue. As such, EROs 
and DRGs are selected according to the traditional definition, but IEROs selected from 



See Section 3.4 of iWuvts et al.l (|2008ft for a description of the concept of pixel weight. 
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DRGs 



pDRGs 




plEROs 



lEROs 



EROs 



pEROs 



Figure 2.2: The adopted ERG sub-sample nomenclature is ilustrated here through a Venn 
diagram. The overlap between the three ERG classes - EROs, IEROs, and DRGs - is 
significant (the common ERG population, labelled as cERGs). The outer non-overlapping 
regions represent the pure populations. 

the FIREWORKS catalogue are in fact ^-detected IEROs. This sample will only be 
representative of the true IERO population in the absence of a significant number of very 
red K s — [3.6] IEROs, which will be undetected in the K s image. One should also note 
that the z^o detection limit (the current K s selected sample includes sources with up to 
z 85 o ~27mag) imposes a [3.6]-band magnitude limit of ~23.75mag for the IERO sample. 

Figure 12.31 shows the colour-magnitude distribution for sources in the FIREWORKS 
catalogue and for the ^-detected IERO sample, displaying our adopted i^-band magni- 
tude limit (diagonal line) and the practical [3.6]-band magnitude limit (vertical line). The 
sampled region at K S: tot — [3.6] < —[3.6] + 23.8 and [3.6] < 23.26 (below the diagonal 
line and to the left of the vertical one) does not indicate a significant incompleteness for 
the critical region (above the diagonal line and to the left of the vertical one). For exam- 
ple, allowing all FIREWORKS sources to be considered (up to a K s -band magnitude of 
24.3 mag), would only increase the IERO sample by 7% (18 more objects). Consequently, 
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Figure 2.3: K s — [3.6] colour-magnitude plot for sources in the FIREWORKS catalogue. 
Points and open histograms (scaled down by a factor of 4) represent the general K s pop- 
ulation included in the catalogue, while filled circles and shaded histograms represent the 
selected IERO sample. The diagonal line corresponds to a i^-band value of 23.8 mag, the 
adopted magnitude limit of our sample. The dashed vertical line represents the practi- 
cal [3.6]-band IERO magnitude limit (as imposed by the z^q 3a magnitude limit and the 
IERO definition). The current ^-detected IERO sample would differ significantly from 
the general IERO population if a large number of sources exists above the diagonal and 
to the left of the vertical line (shaded region). The K s — [3.6] colours present in the well 
sampled region of the diagram (below the diagonal line and to the left of the vertical one) 
argue against this scenario, implying that the current sample of IEROs is representative 
of the overall IERO population. 

we consider our sample of (^-detected) IEROs representative of the true IERO population 
and find it unnecessary to assemble a separate sample of IEROs from a 3.6 /xm selected 
catalogue, thus maintaining the photometric homogeneity within the ERG sample. 



2.2.4 Sub-classes of ERGs 

We refer to those sources that appear exclusively in one of these classes (ERO, IERO or 
DRG) as "pure" populations, while those that are simultaneously included in three ERG 
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categories are referred to as the "common" population. In this work, the latter will be 
referred to as "common" ERGs, or cERGs. When addressing both the "pure" and "common" 
populations we will restrict ourselves to those sources which have sufficient information for 
a classification in each of the three red galaxy criteria (either good photometry or robust 
upper limits in all bands used for classification). With such requirements, we find 607 
ERGs: 541 EROs, 258 IEROs, and 280 DRGs. Practically all IEROs (249 out of 259 3 ) 
are also EROs and almost two-thirds (163 out of 258) are also classified as DRGs; there 
are 212 sources that comply with both the ERO and DRG criteria, and 156 ERGs that 
are simultaneously classified as ERO, IERO, and DRG (the cERGs). Identified as "pure" 
sources are 194 pure EROs (pEROs), 2 pure IEROs (pIEROs), and 48 pure DRGs (pDRGs). 

Figure I2T21 shows the overlap between the different sub-populations. The initial columns 
of Table 12.11 summarise the numbers referred above. 



2.3 Multi-wavelength AGN identification and classifica- 



tion 



One of the major problems for the characterisation of ERGs, or for any distant galaxy 
population, is to identify the existence of AGN activity. The many techniques that exist 
target different AGN types and redshift ranges, and no single technique can guarantee a 
highly discriminatory success rate. X-rays, optical, MIR or radio, originating from dif- 
ferent regions in the vicinity of the AGN, and differently affected by dust obscuration, 
provide independent ways to reveal such activity. Extreme examples are indeed found, as 



for instance, the powerful AGN-like radio sources hosted by normal st ar-forming g a 



as seen from th e optical and IR data) found in the ATLAS survey (INorris et al. 



Mao et al. 



axies 



2007 



20081 ). As a result, many AGN-selection techniques at different wavelengths 



'Number of IEROs with good photometry in the 1775, zssoj K s and 3.6/im bands. 
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have been extensively 



2010 



Griffith fc Stern 



comp ared in the literature (e.g., 



Donley et al 



2008 



Eckartetal 



20101 ). In this work, we use the multi- wavelength data available in 
this field to carry out a thorough identification and classification of AGN activity in the 
ERG population. 



2.3.1 Optical Spectroscopy 

Since ERGs are intrinsically UV/optically faint, spectroscopy will be of limited use to 
reveal their nature. While a pure passive evolve system will present a spectrum without 
spectral lines and dominated by a stellar continuum, in the case of obscured SF and AGN 
activity, dust may hide any sign of line emission. Overall, there are only 8 spectroscopic 
AGN identifications (Narrow Line AGN or QSO type-2 classifications), galaxies which are 
also identified as AGN by the criteria described in the following sections. 

Spectroscopy allows, nonetheless, for the rejection of galactic stars selected as EROs. 
In this sample, two were found and discarded from further study. This indicates that 
contamination of the ERG population by unidentified galactic stars is likely small in this 
study. 



2.3.2 X-Rays 



X-ray emission is arguably the most effective discriminator of AGN activity in a galaxy, as 
such high energies are unachieved by normal stellar populations. Due to t he sensitivity lev- 



els currently reached w ith the deepest observations (t he 2 Ms CD 



2003 



Luo et al. 



fields: 



Alexander et al. 



2008L and recently increased to 4 Ms, Kue et al.ll201ll ). the most powerful 
AGN (L .5 -wkeV > 10 44 ergs 1 ) can be detected beyond the highest redshift currently 
observed, z > 7. On the other hand, both low luminosity AGN and vigourous star-forming 
galaxies (Lo.s-iofceV ~ 10 41-42 ergs -1 ) can only be detected out to z ~ 1 — 2. If enough 
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signal is detected, detailed spectral analysis can be used to distinguish between AGN and 
SF activity as the origin of the X-ray emission. 



In this work, the E RG samp 



Chandr a observations ( iLuo et al. 



e was cross-matched with the catalogues from the 2 Ms 



20081 ). For the region considered here - GOODSs ISAAC 
- the X-ray observations reach aim-point sensitivity limits of m 1.9 x 10~ 17 and ^ 1.3 x 
10~ 16 ergcm -2 s _1 for the soft (0.5-2.0 keV) and hard (2-8 keV) bands, respectively. 

X-ray detections were searched for within 1.5" of each ERG position. Counterparts 
were found for 67 of the 553 EROs (12%), 39 of the 259 IEROs (15%), and 40 of the 289 



DRGs (14%) (se e Tab 



Alexander et al. 



e 12. ip . These det ection fractions are co nsistent with those found by 



fl2002f ). for EROs, and 



Papovich et al 



(|2006lh for D RGs. 



Szokoly et al. 



( 120041 ) . who consider 



We adopt a similar X-ray classification criteria as 
both the X-ray Luminosity (Lx), estimated from the 0.5-10 keV flux, and the hardness 
ratio (HR). The HR is used as an indicator for obscuration and is calculated using the 
count rates in the hard band (HB, 2-8 keV) and in the soft band (SB, 0.5-2 keV): HR = 
(HB-SB)/(HB+SB). Any source displaying an HR greater than -0.2 (equivalent to column 
densities of log(NH[cm -2 ]) > 20 at z ~ 0) is considered t o be an obscured system. However 



the H R is quit e degenerate at high re dsh ifts (Figure 12 .4[ 



2010 



but also 



Alexander et al 



2005 



and 



Luo et al. 



Eckart et al. 



2006 



Messias et al 



20101 ). In this work, a slightly different 



procedure is used, estimating directly Nh from the more robustly determined soft-band (or 
hard-band) to full-band ratio, as explained below. 

In order to estimate Nh, we have used the Portable, Interactive Multi-Mission Simula- 
tor 4 (PIMMS, version 3.9k). The soft-band/full-band (SB/FB) and hard-band/ full-band 
(HB/FB) flux ratios 5 were estimated for a range of column densities (20 < log(NH[cm~ 2 ]) < 
25, with steps of log(N H [cm~ 2 ]) = 0.01), and redshifts (0 < z < 7, with steps of z = 0.01), 



4 http:/ /heasarc. nasa.gov/docs/software/tools/pimms. html 

5 As opposed to the commonly used SB/HB flux ratios, the use of ratios based on FB flux allows for an 
estimate of Nh when the source is detected in the FB but no detection is achieved in the SB nor in the 
HB. 
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Figure 2.4: Figure 3 from lMessias et al.l (120 101 ) showing X-ray HR evolution with redshift 
for obscured (Nh = 10 23 cm -2 , grey shaded region) and unobscured (Nh = 10 2a2 cm -2 , 
light grey shaded region) X-ray power-law emission models (r = 1.8 ± 0.5), calculated 
using PIMMS (ver. 3.9k). Filled circles show the distribution of the X-ray detected AGN 
ERGs with a robust HR estimate. Upper limits (no hard-band detection) appear as empty 
triangles while filled triangles denote lower limits (no soft-band detection). The dashed 
horizontal line highl ights the HR constraint (HR= —0.2) for type discrimination used by 
Szokolv et al.l (120041 ). It is clear that for high-redshift sources (z > 2) the simple HR 
criterion becomes degenerate as an obscuration measure. 



Tozzi et al. 



20061 ). The comparison 



considering a fixed photon index, V = 1.8 (f(E) oc E r , 
with the observed values results in the estimate of Nh, which can then be used to derive 
an intrinsic X-ray luminosity referred in the criteria below (for simplicity throughout the 
text, Lx refers to an intrinsic luminosity). 
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The criteria used as equivalent to ISzokoly et al.l (120041 ) are listed as follows: 



Galaxy : L x < lO^ergs" 1 & N H < 10 22 cm" 2 
AGN - 2 : 10 41 < L x < lO^ergs- 1 & N H > 10 22 cm" 2 
AGN - 1 : 10 42 < L x < lO^ergs" 1 & N H < 10 22 cm" 2 
QSO - 2 : L x > lO^ergs" 1 & N H > 10 22 cm" 2 
QSO - 1 : L x > lO^ergs- 1 & N H < 10 22 cm" 2 

The rest-frame X-ray luminosity is calculated as: 

L x = 47r4/ x (l + z) r - 2 ergs- 1 



where fx is the X-ray flux in the 0.5-10 band and the photon index is the observed T (when 
log(NH[cm -2 ]) < 20) or T = 1.8 (when log(NH[cm~ 2 ]) > 20). The luminosity distance, dL 

t or, if no t avail able, the photometric 



LuoetaL 



(120081 ) catalogued 0.5-8 keV 



is calculated using either the spectroscopic redshi 
redshift. The 0.5-8 keV luminosities, derived using 
fluxes, were converted to 0.5-10 keV considering the adopted T. 

In total, these criteria enable the identification of 72 sources hosting an AGN with 20 
X-ray sources powerful enough to be classified as QSOs. The majority of the AGN are 
classified as type-2 sources: 43 X-ray detections have log (Nnfcm -2 ]) > 22 (i.e., indicative of 
large obscuration) while only 17 show lower values (with the remaining 7 having uncertain 
Nh determinations, with no discrimination possible), indicating a possible 2-3:1 obscured 
to unobscured ratio. However, although in agreement with what is referred in the literature 



fsee the discussion in 



Donley et al. 



20081 ). this value should be taken with care. Although 
we correct for the redshift effect by considering the Nh value instead of HR, the former may 
still be slightly affected at high redshifts as its calculation relies on flux ratios. Ideally, such 



high-redshift populations would require observations extending to softer X-ray energies 
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^<0.5 keV) below those reliably achieved by Chandra. 

As a final remark, the reader should note that at logfLxl ergs -1 ]) > 44 the ratio is even 



higher, 6:1, close to that found for sub- millimetre galaxies ( 1 Alexander et al. 



20051 ). This 



result is relevant for the discussion at the end of Section 12.4.71 
2.3.3 Mid-Infrared 

Over the last few years with the sensitivity of IRAC and MIPS on board Spitzer, several 
MIR criteria have been developed for the identification of AGN at the centre of galaxies. 
A power-l aw MIR spectral ene rgy distribution, for example, is characteristic of AGN emis- 



sion (e.g. 



Donley et al. 



20071 ) . Somewhat more generic co 



been investigated , and AGN loci in such plots define d (e.g. 



20041 : 



Stern et al. 



2005 



Hatziminaoglou et al. 



our-colour diagrams have also 


Ivison et al.. 


2004; 


Lacv et al.. 



20051 ). This wavelength range is of partic- 



ular interest for the ERG population, given their red SEDs. Here, we have applied MIR 
diagnostics to our ERG sample, as described below. 

Observational data at X-ray and IR wavelengths provide complementary views of AGN 
activity. The most obscured AGN may be missed by even the deepest X-ray surveys but 
can still be identified by their hot-dust emission at IR wavelengths. On the other hand, 
depending on the amount of dust and its distribution, and on the AGN strength, the 
MIR emission from X-ray classified AGN may not be dominated by the hot dust in the 
vicinity of the AGN itself. A detailed compariso n of the relative mer its of AGN selection 



Eckart et al. 



(120101 ). showing that only 



by the X-rays and the MIR was performed by 
a multi-wavelength combination of AGN criteria can help to overcome biases present in 
single-band selection. However, even the combination of MIR and X-rays will not result in 
complete AGN samples, as the identification of low power AGN will ultimately depend on 
the depth of the surveys. By performing this study in GOODSs, with some of the deepest 
data both at X-ray and MIR wavelengths, we maximise the identification rate of AGN. For 
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a more in depth discussion on this subject, please consult Chapter [3J 

IRAC counterparts were found for practically all (98%) ERG sources. The vast ma- 
jority (89%) are detected simultaneously in all IRAC bands: 526 of the 553 EROs, 257 of 
the 259 IEROs, and 258 of the 289 DRGs. The MIPS 24/im detection rate is understand- 
ably lower 337(55%), given the lower relative sensitivity: 306/167/171 of the 553/259/289 
EROs/IEROs/DRGs are detected (Table EZQl. 



2.3.3.1 Classification: MIR colours 



In recent years, sev eral AGN co 



IRAC observations ( Ivison et al. 



our-se 



2004 



ection criteria have been deve 



Lacy et al. 



2004 



Stern et al. 



opec 



2005 



employing MIR 



Hatziminaoglou et al. 



20051 1 . Here we follow the KI criterion proposed in Chapter |3] of this thesis. An AGN is 



considered to present the following colours: 



K s - [4.5] > 

A 

[4.5] - [8.0] > 



Figure 12.51 shows the distribution of ERGs on the KI colour-colour space. It identifies 
as AGN 97 (18%) EROs, 24 of which are also classified as AGN from the X-rays; 78 (30%) 
IEROs, 17 of which also have an X-ray AGN classification; and 100 (35%) DRGs, 19 of 
which also appear as X-ray AGN. The relatively high numb er of potentia l AGN ident ified, 



over that revealed by the X-rays, is known and expected (IDonlev et al. 



2007 



2008, and 



references therein). It is worth noting that these results are likely more reliable (i.e., less 



conta minated by non-AGN sources 
(e.g., 



Lacv et al 



2004: 



Stern et al. 



than those obtained by traditional MIR colour criteria 



20051 ). as shown in Chapter [3j 
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[4.5]-[8.0] (AB) 

Figure 2.5: The distribution of ERGs in the KI colour-colour diagnostic plot proposed in 
Chapter [21 The AGN region is delimited by the dashed line. The ERGs (as dots) classified 
as AGN by the X-rays criterion are highlighted as triangles. The darker the circle the 
higher is its source probability, while the bluer the triangle, the higher is the probability 
for an X-ray AGN classification (see the scale on the right-hand side, the dotted line marks 
the limit probability for a source to be considered in the study, and, hence, in this plot). 
The error bars on the top left show the average photometric errors. 
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2.3.3.2 MIR degeneracy at o 2.5 

One problem in using MIR photometry to identify AGN (with both power-law and colour- 
colour criteria) arises at z > 2.5, as both star-forming galaxies and AGN start to merge 
into the same MIR colour-colour space (see Chapter [3]). The main reason for this is the 
increasing relative strength of stellar emission in the MIR, as compared to that of an 
AGN, as redshift increases. At higher redshifts, a prominent 1.6 /im stellar bump passes 
through the IRAC bands, allowing for the detection of a steep spectral index not from AGN 
emission, but from the stellar emission alone. At z>2.5, the KI criterion classifies as AGN 
57 EROs, 48 IEROs, and 71 DRGs, with 19, 16, and 21 (respectively) X-ray confirmed at 
these redshifts. 

In the present work, this is not a serious problem, as most of the ERG sample (79%) 
lies at z < 2.5 (see Section |2.4. ip . Nevertheless, it should be noted that at higher redshifts, 
this could result in a likely overestimate of the presence of AGN. One can attempt to 
correct for this effect, by using the MIPS 24/im observations: at z ~ 2.5 — 5, the 1.6 /xm 
bump will be shifted to the 6-10 /im range. Therefore, in the absence of significant AGN 
emission, one expects a blue [8.0]-[24] colour. In Chapter |3] of this thesis, a proper study 
of this colour is pursued, indicating that sources showing [8.0]-[24]<l at these redshifts are 
dominated by non-AGN activity. 

In Figure 1231 we present the MIR [4.5]-[8.0] vs [8.0]-[24] colour-colour plot for z > 2.5 
ERGs in the current sample (highlighting those classified as AGN by the KI criterion). The 
tracks represent the expected colours of template SEDs when r edshifted betw e en z — 2.5 



and z = 4. Te mplates come from th e SWIRE Template Librar y (IPolletta et a. 



hybrids 6 from (jSalvato et al. 



2009), and the extreme ERO of 



Afonsoetal 



20071 ). two 



(1200 lh . which 



is dominated by an obscured AGN in the MIR. The vertical line indicates the [4.5]-[8.0] 
colour constraint of the KI criterion, while the horizontal line shows our adopted colour 



'Hybrids are sources presenting a combination of non-AGN and AGN IR emission. See Chapter [3] 
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cut separating AGN and star-forming processes at these redshifts. The AGN template 
that crosses over this [8.0]-[24] threshold at the highe st red s hifts is IRAS 22491- 1 808, a 



2005 



Polletta et al. 



20071 ). 



possible mixture of AGN and stellar 7 MIR emission (jBertc 
where the AGN component is progressively less sampled by the MIR bands as redshift 
increases. Concerning the current sample, there are 12/10/16 EROs/IEROs/DRGs at 
z > 2.5 classified as AGN by the KI criterion which do not require an AGN SED to explain 
their MIR emission and, consequently, their KI probability to be AGN is corrected. 



We note the presence of two interesting sources in Figure 12.61 The one i solated in the 
upper right, is one of the seven optically unidentified radio sources found in 



Afonso et al. 



(12006 



their source #42). Inspection of the K s and 24/xm images reveals no signs of 
blending, strengthening the accuracy of the 24/xm flux. This source also has X-ray emis- 
sion characteristic of a type-2 AGN [Lx — 10 43,3 ergs _1 and log (Nh[chi -2 ]) = 23). The 



colour-tr ack closest to t his so urce in Figure 12.61 is that of the highly obscured AGN ERO 
found by 



Afonso et al. 



(120011 ) . The assigned photometric redshift is z = 3.1 (ILuo et al. 



2010|). The spec tral index {S v 



Tielens et al. 



m 



is a = 1.3 ± 0.3 (IKellermann et al 



19791 



Afonso et al. 



v a ) o btained from 1.4 GHz and 5 GHz observations 



2008 



Chambers et al 



, implying an ultra steep spectrum source (e.g. 



19961 ). The high-z obscured AGN scenario postulated 



(120061 ) for this source is thus strengthened. 
The other interesting source is the bluest [8.0]-[24] 24/im detection, with MIR colours 
characteristic of spiral galaxies or an earlier type with a small AGN contribution. It is 
also X-ray detected, but has no radio emission. This is a candidate for a high- z evolved 
system, based on its optical non-detection and extremely blue [8.0|-[2 4| colours typica l of 



late-type galaxies 8 . The redshift assigned to this source, z p hot = 2.54 ( 



at the highest redshifts in which similar sources have ever been found (IStockton et al 



Luo et al 



2C 



oLL s 



2008 



7 By stellar emission, we mean in this sentence the emission by pure stellar continuum, dust heated by 
stellar emission, and polycyclic aromatic hydrocarbons. 

8 Although these colours may also be seen in low-metalicity sources, the sources in this study are ERGs 
and, hence, are not low-metalicity systems. 
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Figure 2.6: Mid-infrared [4.5]-[8.0] vs [8.0]-[24] colour-colour plot for z > 2.5 ERGs in 
the current sample. Filled symbols represent the AGN classification from the KI crite- 
rion (darker symbols mean higher AGN probability given by KI before correction) and 
open symbols otherwise (darker symbols mean higher probability not to be KI selected, 
similar Figure |2~5|) . Downward pointing triangles indicate [8.0] — [24] upper limits. The 
error bars on the top left show the average photometric errors. The tracks represent the 
expected colours of template SEDs where the IR is dominated by star-formation (dotted 
and dashed tracks, where the latter represent more intense SF activity) or AGN activity 
(solid tracks), redshifted between z = 2.5 and z — 4, with crosses at z = 2.5 and z = 3. 
The templates displayed are (from bottom to top): two Spirals (Sc and Sd, red) and two 
hybrids (S0+QSO2, magenta), three starbursts (M82, NGC 6240, an d Arp220, blu e ), and 
six Hybrids and AGN (IRAS 22491-1808, IRAS 20551-4250, QSO-2, lAfonso et all (1200 lh 
ERO, Mrk 231, and IRAS 19254-7245 South, green). 
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Figure 2.7: The GNS-ifl60 image cut-out of the candidate for passively evolved system at 
high redshift confirms the disc profile expected from the template tracks in Figure 12.61 



van der Wei et a 




2011) 


(Conselice et al.. 


2011 


),< 



20111). A NICMOS image taken from the GOODS NICMOS Survey 9 



20111 ), confirms the disc-like nature of this evolved source (Figure |2T7|) . A 



Sersic index of n = 1.2 (IBuitrago et al. 



2008 



and private communication) strengthens the 



visual disc classification. Its effective radius is equivalent to r e = 2 kpc, implying a compact 
disc. For comparison, consider i ng th e scale length of the Milky Way to be h ~ 3 kpc 



( Kent et al. 



1991 



Freudenreich 



19981 ). its effective radius is r e = h x 1.678 ~ 5 kp c , whe n 



Graham fc Driver 



20051 ). 



considering the disc profile to be exponential (see, for instance 
A few more galaxies fall close to the late-type galaxy colour-colour tracks (Figure 1276]) . and 
are also interesting. A discussion on the implications for the existence of passive evolved 
discs at such high redshifts is presented in Section 15.31 



3 http: / / www.nottingham.ac.uk/astronomy/gns 
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2.3.4 Radio 



Radio emission is essentially unaffected by dust obscuration, thus being extremely useful for 
the estimate of SF activity in ERGs. However, since both star-formation and AGN activity 
can produce radio emission, it is often difficult or impossible to rely on radio properties 
alone to reveal the power source in a galaxy. Indications from radio spectral indices are 
of limited use, as both star-formation and AGN emission usually result from synchrotron 
radiation with S v oc z/ -0 8 , and only some AGN show signs of flat or even inverted radio 
spectra. Very high resolution VLBI radio imaging has also been used with limited success 
to impose limits on the size of the radio emitting region, identifying star-forming ga ' 



where the radio emission is resolved, and a po ssible AGN where not (IMuxlow et al. 



axies 



2005 



Middelberg et al. 



2008 



Seymour et al. 



20081 ) . The only straightforward radio AGN crite- 



rion is the radio luminosity itself, as the highest luminosities can only be produced by the 
mo st powerful A GN. 



Afonso et al. 



(120051 ) performed a detailed study of the sub-mJy radio population, and 



found star forming galaxies with radio luminosities up to Li.4GHz ~ 10 24 5 WHz 1 . We 



thus take this value as the upper li mit 



to a SFR of almost 2000 M yr" 1 (Bell 



or SF activity. We note that this value corresponds 



2003 



see Section f2.4.4|) . The existence of galaxies 



with higher rates of SF activity is unlikely. 

For the current work we have used the 1.4 GHz Australia Telescope Compact Array 



observati ons of this fie 
field (see Afonso et al. 



d, whi c h reach a un i 



2006 



Norris et al. 



brm 14-17 //Jy rms throughout the GOODSs 



2006 



, for more details 



2008 



Miller et al- 



and the Very Large 



20081 ). reaching deep 



Array data also in GOODSs ( iKellermann et al 
rms levels (typically 8 \i Jy) . 

First, the two radio catalogues were matched. Then, with a search radius of 1.5" 
and considering the VLA sources coordinates, the radio catalogue was cross-matched with 
FIREWORKS catalogue, implying 73 (nominal value) sources with a radio counterpart. 
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For ATCA-only radio sources, a larger matching radius of 3" was considered revealing five 
(nominal value) more sources with a radio counterpart. Overall, there are 24 (4%) ERGs 
detected at radio frequencies: 23 (4%) EROs, 16 (6%) IEROs, 14 (5%) DRGs. Six sources 
have radio luminosities in excess of 10 24 ' 5 WHz" 1 . They are also classified as AGN by both 
the X-ray and KI criteria. On the other hand, nine radio-detected ERGs are not classified 
as AGN by the X-ray and KI criteria. Only one nominal source with a non-negligible 
probability to be radio AGN (a 40% probability to have Li.4ghz > 10 24 ' 5 WHz _1 ) remains 
unclassified as AGN by the other two AGN criteria. 

The sensitivity available even in the current deepest radio surveys limits our radio 
detected sample to sources with Li.4GHz > 10 23 WHz _1 , hence, the small detection rate 
indicates that powerful AGN and the most intense starbursts 10 are not common in the 
ERG population. 



2.4 Properties of ERGs 



2.4.1 Redshift Distributions 

As noted above, robust spectroscopic redshifts are available for around 22% of the ERG 
sample. Photometric redshift estimates are also available from the FIREWORKS and 



LuoetaL 



(120 101 ) catalogues, covering almost the complete ERG sample. In case only a 
photometric redshift is available, the redshift probability distribution is taken into account. 
When separating the sample into redshift bins, only sources with a probability V > 0.317/2 
(Section l2.2.ip to fall inside a given bin are considered. These sources are weighted by their 
own probability. 

The redshift distributions for the ERO, IERO, and DRGs are shown in Figure 12.81 



10 Figure 7 in Afonso et al. ( 20051 ). clearly shows that the distribution of star- forming galaxies decreases 
drastically at Li. 4G h z > 10 23 WHz -1 . 
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Figure 2.8: Redshift distributions of different ERG sub-populations: EROs, IEROs, and 
DRGs. The hatched histograms correspond to ERGs identified as AGN. Note the y-axis 
units are N / Az and different scales are adopted for the individual panels. The distributions 
were obtained with a moving bin of width Az = 0.4 and adopting steps of Az = 0.1. 

Although the range of redshifts sampled in all ERG classes is similar (1 < z < 3), the 
average value increases from z = 1.80 for EROs, to z = 2.11 for IEROs, and to z — 2.47 
for DRGs populations (the slightly higher values relative to previous works is likely due 



to th e fainter flux cut adopted in this work, e.g. 



Conselice et al 



2008 



Papovich et al 



20061 ). This is as expected given the source selection, designed to identify objects at such 
redshifts. 

The AGN in the ERG population follow a similar redshift distribution but the AGN 
fraction increases rapidly at higher redshifts. This will be addressed in the next section. 



Figure 12.91 displays the redshift distributions for pEROs, pDRGs, and cERGs. The 
redshift distribution of pEROs is quite narrow, selecting sources essentially at z = 1 — 2 
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z 

Figure 2.9: Redshift distributions for "pure" and "common" ERG sub-populations: pEROs, 
pDRGs and cERGs. The hatched histograms correspond to ERGs identified as AGN. Note 
the y-axis units are N/ Az and different scales are adopted for the individual panels. The 
distributions were obtained with a moving bin of width Az = 0.4 and adopting steps of 
Az = 0.1. 

(peaking at z ~ 1.3), while the pDRG population is notably less numerous, and at higher 
redshifts (2=2-4). The "pure" criteria thus appear to be good and easy techniques to select 
high-z sources in narrow distinct redshift bins. Sources classified as cERGs, appearing as 
red in all three ERG selection criteria, cover a broad redshift range, from z — 1 to z — 4. 
There are practically no cERGs at z < 1 in this particular sample due to the IERO 
criterion. 
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2.4.2 AGN content of ERGs 

As described in the previous section, several multi-wavelength indicators were used to 
identify AGN in the ERG population. The indicators have different sensitivities to AGN 
characteristics, such as distance, dust obscuration, or AGN strength. Their combination 
will, thus, allow for a more complete census of AGN content in these sources. 

We do not find a numerous population of very powerful AGN among the ERGs, as 
given by the X-rays (only 20 ERGs with Lx > 10 44 erg s _1 ) and radio (only six ERGs with 
Li.4GHz > 10 24,5 WHz _1 ) luminosities. These represent, respectively, only 3.2±0.7% 11 
and 1.0 ± 0.4% of the ERG sample. Such ratio is close to that observed in the complete 
^-selected FIREWORKS sample, where 31 (0.7 ± 0.1 %) QSOs and 9 (0.2 ± 0.1 %) radio- 
powerful sources are found. However, it is worth noting that a high fraction of these 
powerful sources are classified as ERG, around 65% in both samples (20 out of 31 QSOs, 
and 6 out of 9 radio powerful sources). This apparent contra diction is probably re lated to 



Hopkins et al. 



20061 ). where 



the short duty-cycle expected for such kind of sources (e.g., 
an AGN will not pass much time as a radio-loud source nor as an X-ray QSO, but will 
always present an ERG colour before and after the strong on-set of AGN activity. 

Overall, we select 154 (25%) AGN-dominated systems in the ERG sample (23% for 
EROs, 33% for IEROs, and 39% for DRGs). This fraction increases from low to high 
redshift, from 10% at 1 < z < 2 to 45% at 2 < z < 3. Among the X-ray identified AGN, 
40% are also classified as such by the KI criterion. Conversely, 25% of the KI identified 
AGN are X-ray detected. 

The high AGN fraction and its increase with redshift, might lead one to think that 
the KI criterion is overestimating the number of AGN at high redshifts, even though a 
tentative correction was applied (see Section I2.3.3.2p . We have investigated the AGN 



11 This and the following percentage values are approximated to the decimal part and the presented 
errors are poissonian. 
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fraction evolution from l<z<2to2<z<3 based, independently, on the X-ray and 
KI indicator. In both wavebands, the AGN fraction increases significantly from low to 
high redshifts, rising from 8 to 17% when the X-ray is considered and from 3 to 37% when 
the MIR is considered. Although it seems possible that star-forming galaxies may still be 
affecting the KI criterion at high redshift (see Section l2.3.3.2p . it is shown in Chapter [3] 
of this thesis that KI is still very reliable up to the highest redshifts. This may also 
partly be an effect of Malmquist bias, with lower luminosity systems, more likely to be 
dominated by star formation, being progressively lost at higher redshift. In any c ase, this 
increase is consistent with t he known history of AGN activity in the Universe (e.g. 



Osmer 



2004 



Richards et al. 



20061 ) . Section f2.4.6l also helps understanding this rise in AGN host 



fraction. 

The ERG populations do tend to include a higher fraction of AGN hosts than the non- 
ERG population. This is clear from Figure 12.101 where ERG AGN fractions (found in the 
positive side of the x-axis) have AGN fractions of 15-50%. Note the AGN fraction is not 
a simple function of colour, as shown in Figure 12.101 All three colours {i — K s , zg5o — [3-6], 
and J — K s ) imply similar AGN fractions around the colour threshold (~ 20%), but show 
different behaviour with increasing colours. The more extreme colours among the ERGs do 
not necessarily correspond to a significantly higher fraction of AGN identifications, and in 
fact, that appears to be true for EROs, always around or below ~ 20%, and maybe IEROs, 
which the respective trend drops at the most extreme colours (although already being 
affected by small number statistics). This has implications for some of the wor ks selecting 
compt on-thick AGN at IR wave-bands down to the faintest limits. For instance, 



Fiore et al 



( 120081 ) considers a fainter MIPS24 /im flux cut providing that an extreme R — K > 5 (Vega) 



colour - quite similar to i — K - selects a higher fraction of AGN. However, Figure 12.101 
indicates that probably the J — K s colour will be much more efficient for such task. The 
difference between the ERO and DRG trends result from each criterion itself and the fact 
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Acolour 

Figure 2.10: AGN fraction as a function of colour for EROs (green solid line), IEROs (red 
dotted line), and DRGs (blue dashed line). The trends are computed with a moving bin 
of 0.4 mag and steps of 0.2 mag. The upper and lower limits consider poissonean errors 
and the bin width interval. The x-axis represents the difference in magnitude to the colour 
threshold adequate for each population: z 775 — K s = 2.5 for EROs, z 850 — [3.6] = 3.25 for 
IEROs and J — K s = 1.35 for DRGs. The upper panel shows the ^-selected population 
distribution in the considered colours (the same colours and line patterns are adopted). 

that AGN fraction rises toward higher redshifts (Figure P2 . 11 [) . Redder 2775 — K s colours 
will always select a population mostly at low-z (1 < z < 2, Figure I2".12p . where the AGN 
fraction is shown to be smaller. On the other hand, redder J — K s constraints imply a 
higher fraction of high-z (2 < z < 3) sources, where the AGN fraction is higher. For 
example, essentially no low-z source has J — K s > 1.8 (Figure f2 . 1 3 P . The AGN fraction 
versus colour trend of the IEROs (Figure I2.10p lies between that of the EROs and DRGs, 
which could be driven by the redshift distribution of the IERO population, which also lies 
between that of the EROs and DRGs. 
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Figure 2.11: AGN fraction with redshift. The grey shaded region (dotted line in the 
upper panel) represents the total ^-selected population, while the open red delimited 
region (solid line in the upper panel) refers to the overall ERG population. The trends are 
computed with a moving bin of 0.4 mag and steps of 0.2 mag. Dotted lines in lower panel 
show central trends. Upper and lower limits consider poissonean errors and the bin width 
interval. 
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Figure 2.12: Variation of i 775 — K s colour with redshift. The ERO criterion colour cut is 
shown as a dashed line. The dot intensity refers to the source probability (see Figure 1231) . 
AGN appear as filled symbols, while non-AGN as open symbols. Sources undetected in 
the z 775 -band appear as triangles. 
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Figure 2.13: Variation of J — K s colour with redshift. The DRG criterion colour cut is 
shown as a dashed line. A 0.5 mag redder J-K s cut (dotted line) selects almost no z < 2 
DRGs. Given the data cloud trend, objects at z < 2 with J — K s > 1.8 are believed to 
have catastrophic z p hot estimates. The dot intensity refers to the source probability (see 
Figure [275]) . AGN appear as filled symbols, while non-AGN as open symbols. J- undetected 
sources appear as triangles. 
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As a final remark, two features should be highlighted in Figure |2~. Ill Note how at z < 1 
the ERG AGN fraction (solid line) increases dramatically up to the 30% level. The reader 
should recall that % — K s , z 850 — [3.6] or J — K s colours are sensitive to a prominent 4000A 
break in a galaxy SED only beyond z ~ 1. Any source having ERO-, IERO- or DRG-like 
colours at z < 1, has to be quite an obs cured source. One o f the most impressive examples 



for such type of object is that found by 



Afonsoetal 



(j200lf ): a z spec = 0.67 obscured dusty 



starburst dominated in the IR by the AGN in its core. At higher redshifts, at z ~3 both 
ERG and total trends present a noticeable rise in the AGN fraction. This is exp ected to 
be linked to the known pe ak of AGN activity at these redshifts (see for instance 



2004 



Osmer 



Richards et al. 



20061). 



2.4.3 Radio Stacking 

Another important aspect necessary to understanding the properties of ERGs is their 
SFR and the contribution of these populations to the overall p* of the Universe. Dust 
obscuration is a serious source of uncertainty in estimating SFRs in ERGs from rest-frame 
ultraviolet luminosities. Radio emission is not affected by dust obscuration and can be 
used as a SF diagnostic. However, these galaxies are distant enough that even the deepest 
radio surveys are only sensitive to the brightest star forming systems (detection limits 
corresponding to several hundred M^yr" 1 at z > 1). Instead, stacking methods can be 
used to evaluate the statistical star-forming properties of ERGs. Stacking, as used here, is 
simply an "image stacking" procedure, where image sections (called stamps) centred at each 
desired source position are combined. The aim is to reach much lower noise levels, possibly 
providing a statistical detection of samples whose elements are individually undetected in 
the original image. 

For the radio stacking analysis we have used the 1.4 GHz Australia Telescope Com- 
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pact Array observa tions of this 
GOODSs field (see Afonso et al- 



l ele! , reaching a uniform 14-17 /xJy rms throughout the 



2006 



Norris et al 



2006 



, for more details). Our adopted 



stacking methodology can be summarised in the following steps. 

First, using the radio image of the field, stamps of 60 by 60 pixels (equivalent to 120" by 
120") were considered, allowing for a good sampling of the vicinity of each source, necessary 
to identify strong neighbouring sources that can bias the stacking. 

Every stamp containing a radio source within an 18" radius from the central (ERG) 
position, was rejected, as the wings of a neighbouring radio detection can extend to the 
central part of the stamp. This rejects actual radio counterparts. However, the stacking 
is only used to estimate the average flux of the unidentified ERGs in the radio image, as 
the inclusion of radio detections would likely bias the final result. In this context the term 
"detection" does not only apply to the robust detections (roughly at a > 4.5a level), but 
also to "possible" detections (all remaining candidate radio sources at a > 3cr level). 



The remaining stamps for ea ch sample of 



often uses median stacking (e.g., 



White et al. 



IRGs can then be stacked. Previous work 



20071 ). in an attempt to be robust to radio 



detections and high/low pixels. The penalty for this is the loss of sensitivity. Having 
removed all detections and possible detections from the list of stamps, a weighted average 
(weight = rms~ 2 ) stacking procedure is followed. At each pixel position a rejection for 
outliers is implemented, rejecting high (low) pixels above (below) the 3cr (— 3cr) value for 
that pixel position. The number of rejected pixels in the central region is always zero 
confirming that previous rejection steps work efficiently 

The final flux and the noise level are measured in the resulting stacked image. To 
evaluate the reliability of detections in the stacked images we performed Monte Carlo (MC) 
simulations. Random positions in the radio image were selected and stacked, following the 
procedure described above. Each of these positions were required to be farther than 6" 



12 The VLA data was not preferred due to its high resolution. Although it may seem an advantage, it is 
more likely to be affected by bad source registration, producing flux loss in the stacking procedure. 
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from the known K s sources, as we are interested in evaluating systematics of the radio 
image alone. Appropriate numbers of stacked stamps were used, to compare to the actual 
numbers of the ERG (sub-)samples. The procedure was repeated 10000 times for a given 
number of stamps 13 . A stacked sample will be considered to have produced a reliable 
detection only if no MC simulation (among 10000) has resulted in a higher S/N value. 

2.4.4 Star formation activity in ERGs 

Following the procedure outlined above, we have performed a radio stacking analysis for 
different sub-groups within the ERG population. The radio data was stacked for each 
of the populations of EROs, IEROs, DRGs, pEROs, pDRGs, and cERGs. Within these 
samples, stacking of the radio images was also performed separately for the total and non- 
AGN sub-populations. Since redshift estimates exist for the vast majority of the ERGs, 
stacking is performed separately for both low and high redshifts (1 ^ z < 2 and 2 ^ z ^3, 
respectively). Besides minimising biases in the stacking signal, due to different populations 
and different (radio) luminosities being sampled at different redshifts, this also allows us 
to search for a hint of any evolutionary trend. Given the incompleteness of the sample at 
the highest redshifts no attempt was made to perform a specific radio stacking analysis for 
z > 3 ERGs. Table I2~2l lists the number of sources considered in each of the sub-populations 
and those in each of the stacking steps referred in the previous section. 

While the stacking procedure enables the average flux to be estimated from the radio- 
undetected sample (< 3cr signal), the entire population should be considered when mea- 
suring the ERG contribution to the global of the Universe. The approach adopted here 
was to consider all radio-undetected ERGs as having a radio flux given by the average 

signal from the stacking analysis, and all radio-detected ERGs 14 to contribute with their 

13 The number of stamps chosen for each set of lO'OOO tries are: 10, 20, 30, 40, 50, 75, 100, 125, 150, 
175, 200, 300, 400, 500, and 1000. 

14 For this purpose, radio-detections refer to signals above 3cr in the radio map; see Section [2.4.31 
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Table 2.2: Robust Radio stacking of ERG populations 



POP 


1\T a 
IN NTOA/T 


T\T a 

IN TOT 


^ 


N^ c 

1 OCT 


N fi / 

' nn 


K s 












zl2 


1803 


1429 


170 


14 


1230 


zl2; nAGN 


1646 


1307 


147 


11 


1134 


z23 


781 


512 


63 


7 


435 


z23; nAGN 


518 


318 


32 


4 


276 


EROs 












zl2 


451 


357 


51 


7 


294 


zl2; nAGN 


396 


316 


12 


6 


264 


z23 


197 


124 


20 


3 


101 


z23; nAGN 


94 


56 


6 


2 


48 


IEROs 












zl2 


188 


133 


20 


4 


106 


zl2; nAGN 


160 


114 


15 


1 


92 




1/17 

14 ( 




Id 




1 


^23; nAGN 


71 


12 


5 


1 


36 


DRGs 












zl2 


148 


73 


9 


2 


61 


zl2; nAGN 


126 


61 


6 


2 


52 


^23 


227 


130 


18 


1 


111 


^23; nAGN 


103 


57 


5 


1 


50 
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Table 2.2: (continued) 



r(Jr 


AT CI 

^NOM 


AT fl 

IN TOT 


AT b 

1N<18" 


AT C 

N 3ct 


AT d 

Nfin 


cERGs 












z\2 


97 


49 


6 


2 


40 


^12;nAGN 


81 


40 


3 


2 


34 


z23 


120 


77 


12 


1 


61 


z23; nAGN 


58 


35 


3 


1 


31 


pEROs 












zl2 


287 


199 


29 


2 


166 


zl2;nAGN 


258 


179 


24 


1 


152 


z23 


25 


8 


2 





6 


z23; nAGN 


12 


1 


1 





3 


pDRGs 












zl2 


6 


2 








2 


zl2;nAGN 


5 


1 








1 


z23 


64 


21 


1 





19 


z23; nAGN 


23 


8 








7 



Note. — The 2 12 and z23 abbreviations stand for 1 < z < 2 and 2 < z < 3, respectively. 
a Nnom and Ntot are, respectively, the nominal counts and the effective total sources 
found in the sample. All the other columns take the source probability into account as 
does Ntot- 

b Number of stamps with a radio detection within 18" of the ERG position, consequently 

rejected from the final stacking. 
c Number of stamps with a possible radio detection at the ERG position (signal between 

3<7 and ~ 4.5er), also removed from the final stacking. 
d Final number of stamps included in the stacking. 
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measured flux density. The conversion from radio flux to radio luminosity is performed by 
using the assumed redshift (spectroscopic or photometric) and a radio spectral index of 
a = 0.8 (S u oc z/~ a , characteristic of a synchrotron dominated radio spectrum at 1.4 GHz): 

Ll.4GHz = 47T d£ Si. 4 GHz 10~ 33 (1 + zf" 1 W Hz" 1 



where di is the luminosity distance (cm) and Si.4GHz is the 1. 4 G 



The corresponding SFR is obtained using the calibration from 



i z flux density (mJy). 



Bell 



(120031 ): 



SFR (M yr" 1 ; 



5.52 x 10- 22 L L4 ghz , L > L c 



5.52X10" 22 



4 GHz 



L<L r 



where L c = 6.4 x 10 21 WHz 1 = 10 21 ' 81 WHz 1 . The contribu tion to was estimated for 



individual galaxies using the 1/V max method (I Schmidt 



1968|): 



ESFR 1 

max 

where V max is the volume in which a given source i would be possible to detect: 



~2 



:dz 



The solid angle is given by Q, while c stands for the speed of light, and H for the 
Hubble constant. The luminosity distance again appears as dj*, and i s the product 

of every incompleteness factors affecting the sample (e.g., sources rejected due to bright 
neighbours affecting their flux estimates). The value of z\ is the lowest redshift probed 
(set to 1 in the lower redshift bin and 2 in the upper redshift bin). The value of z 2 is the 
minimum between the maximum redshift probed (z max , set to 2 in the lower redshift bin 
and 3 in the upper redshift bin) and the redshift at which a given source would be detected, 
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in the survey selection band, with the minimum source flux observed in the sample in which 
that same source is considered: = min{2; max , -z(/ m in)}- Hence, the final value of V max 
gives the volume in which a given type of galaxy would be detected, this is, 1/V max is 
the contribution to the density of sources by a given galaxy in a given redshift bin. It is 
expected a certain bias if strong clustering is observed between the sources in a sample, 
when compared to other galaxy samples. Even if z min and z max are set to be far apart, if the 
sample is physically restricted to a small volume, their fluxes will be comparable, implying 
a small difference between z\ and Z2, hence small volumes (large 1/V values). However, as 
seen in Figure 12.81 ERGs are well spread over the full 1 < z < 3 redshift range, and they 
spread for almost four and three magnitudes (in observed K s ) at 1 < z < 2 and 2 < z < 3, 
respectively. 

The V max for each galaxy is estimated by using a k-correction derived from the galaxy's 
own SED (through interpolation of the observed multi- wavelength photometry). Again, ra- 
dio detected ERGs, contributed with their estimated intrinsic luminosity and SFR, derived 
with the assigned redshift estimate and its detected flux. In Figure 12.141 the SFR distri- 
bution of these sources is presented. Those classified as st ar-forming (16 in total), r ange 



Georgakakis et al 



20061 ). On 



from ~100 to ~2OOOM yr _1 (in reasonable agreement with 
the other hand, the luminosity and SFR estimates of radio-undetected ERGs were based 
on the resulting stacking signal of the sample and, likewise, the individual ERG redshift 
value. 

The results are given in Table l2~3l For each ERG sub-population we list: (1) the ERG 
sub-population; (2) the total number of sources in the sample; (3) the final number of 
stamps included in the stacking; (4) the rms of the final stacked image; (5) the measured 
flux in the central region of the stacked image; (6) the respective S/N; (7) number of 
Monte-Carlo simulations (out of 10000) that resulted in higher S/N values, a measure of 
the reliability of the ERG detection (conservatively, whenever Nmc > the stacking signal 
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Figure 2.14: SFR distribution of the radio detected ERGs (considering any signal in the 
radio map with > 3a). Dashed histograms show the overall distribution, while solid his- 
tograms refer to the sources considered as star-forming systems. 

is considered spurious); (8) the average redshift for the sub-population; (9) the average 
radio luminosity for the radio non-detected sources - taking into account the stacking 
signal only - and, in parenthesis, the median for the entire sub-population (including 
radio detected sources); (10) the average SFR, for non-AGN samples, corresponding to 
the radio luminosities in column (9); (11) the resulting radio luminosity density (£i.4GHz); 
(12) the corresponding p*. For columns (9) to (12), the upper limits, corresponding to 
non-detections of the stacked signal (Nmc > 0), are estimated using the maximum S/N 
found on the corresponding MC simulations. No stacking is attempted for populations 
with less than 10 stamps. 

In the table, two rows appear for each sub-population. The reason for this is the 
controversial inclusion of AGN sources when estimating the SFRs and p*. As referred 
above, AGN are potentially non-star-forming emitters at radio frequencies, thus being a 
strong source of bias. Yet, studies at the sub-mJy level point to a probable dominance of 



Table 2.3: Properties of Extremely Red Galaxy populations from radio stacking analysis 



POP 


Ntot 


N fin a 


rms 

My] 


Sl.4GHz 

My] 


S/N 


Nmc' 


z 


log (Li.4GHz) C 

[WHz- 1 ] 


SFR C 
[M yr- 1 ] 


log (£l.4GHz) C 

[WHz-iMpc- 3 ] 


h d 

[M© yr^Mpc- 3 ] 


K s 

zl2 


1429 


1230 


0.501 


1.102 


2.200 





1.39 


22.0(22.1) 


6(3) 


19.8(20.2) 


3.4e-02(8.0e-02) 


zl2;nAGN 


1307 


1134 


0.533 


1.118 


2.096 





1.38 


22.0(22.0) 


6(4) 


19.8(20.1) 


3.1e-02(6.1e-02) 


z23 


512 


435 


0.790 


2.746 


3.477 





2.46 


23.0(23.0) 


57(49) 


20.2(20.4) 


8.7e-02(1.3e-01) 


z23; nAGN 


318 


276 


0.932 


1.646 


1.766 





2.40 


22.8(22.8) 


32(27) 


19.8(20.0) 


3.2e-02(5.0e-02) 


EROs 
























zl2 


357 


294 


0.984 


1.327 


1.349 





1.44 


22.1(23.8) 


8(5) 


19.2(19.9) 


9.5e-03(3.9e-02) 


zl2;nAGN 


316 


264 


1.081 


0.926 


0.856 





1.44 


22.0(24.4) 


6(3) 


19.0(19.7) 


5.9e-03(2.6e-02) 


z23 


124 


101 


1.705 


6.610 


3.877 





2.44 


23.4(23.4) 


136(121) 


20.0(20.2) 


5.0e-02(8.3e-02) 


z23; nAGN 


50 


48 


2.186 


5.029 


2.301 


1 


2.36 


<23.2(23.2) 


<82(70) 


<19.4(19.7) 


<1.4e-02(2.6e-02) 


IEROs 
























zl2 


133 


106 


1.648 


6.346 


3.851 





1.64 


23.0(23.0) 


52(42) 


19.6(19.9) 


2.1e-02(4.3e-02) 


zl2;nAGN 


114 


92 


1.716 


5.193 


3.026 





1.64 


22.9(23.0) 


42(36) 


19.4(19.8) 


1.5e-02(3.2e-02) 


z23 


93 


75 


1.900 


6.726 


3.540 





2.45 


23.4(23.4) 


139(124) 


19.9(20.0) 


3.9e-02(6.1e-02) 


z23; nAGN 


42 


36 


2.503 


4.116 


1.644 


21 


2.37 


<23.2(23.3) 


<92(76) 


<19. 3(19.5) 


<1.2e-02(1.8e-02) 


DRGs 
























zl2 


73 


61 


1.893 


7.701 


4.068 





1.57 


23.0(23.1) 


59(37) 


19.4(19.5) 


1.3e-02(1.9e-02) 


zl2;nAGN 


61 


52 


2.034 


7.018 


3.450 





1.57 


23.0(23.0) 


53(32) 


19.2(19.4) 


9.7e-03(1.4e-02) 


z23 


130 


111 


1.555 


5.295 


3.405 





2.50 


23.31(23.33) 


115(105) 


19.9(20.0) 


4.2e-02(6.0e-02) 


z23; nAGN 


57 


50 


2.225 


4.964 


2.231 


7 


2.43 


<23.2(23.2) 


<89(81) 


<19.4(19.6) 


<1.4e-02(2.0e-02) 



Table 2.3: (continued) 
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1 


1 






















z23 


21 


19 


2.957 


2.231 


0.754 


1666 


2.65 


<23. 5(23.5) 


<176(174) 


<19.3(19 


3) 


<l.le-02(l.le-02) 


z23;nAGN 


8 


7 























Note. — The zl2 and z23 abbreviations stand for 1 < z < 2 and 2 < z < 3, respectively. The upper limits for Luminosity and SFR 
estimates, whenever Nmc > 0, are calculated considering the maximum S/N obtained in the respective set of MC simulations. 
a Final number of stamps included in the stacking, after the various rejection steps described in Section f2. 4. 31 
b Number of MC simulations (out of 10000) that resulted in higher S/N values. 

c In parenthesis, the median value also taking into account radio detections (> 3<r) excluded from the stacking procedure (see 
Section |2"XB"]) . 

d In parenthesis, the estimated value of taking into account radio detections (> 3a) excluded from the stacking procedure (see 
Section [2X3]). 
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star- forming systems ( 


Muxlow et al 




20C 


5 


Simpson et al. 


Smolcic et al.. 


2008; 


Sevmour et al.. 


2008 


: ] 


bar et al.. 


2009 



2006 




Kellermann et al. 


Padovani et al.. 


2009 


)• 1 



2008 



to that, radio-selected AGN tend to appear in a whole different population from that of X- 



ray and IR-selected AGN (con sidered in this work' 



mode in radio-selected AGN ( iHickox et al. 



2009 



probably meaning; a dif ferent accretion 



Griffith fc Stern 



2010 



and references 



therein), implying that the AGN selection in this work is actually too strict. Also, in 
this ERG sample, there is not a major presence of str ong AGN (although the strongest 



do tend to show ERG colours) and 



Dunne et al. 



(120091 ) believe, based both in radio spec- 



tral indexes and comparison with sub-mm-derived SFRs, there may be no significant bias 
when including AGN sources in the stacking of a sub-mJy radio population. However, in 
Section 12.4.21 it is shown that AGN are common in this sample, hence, even if not dom- 
inant, there might exist a significant bias when computing the contribution of ERGs 
to the overall star-formation history of the universe. The two extreme scenarios for this 
are: (z) the non-AGN population presents the best estimate possible, or (ii) the com- 
bined non-AGN/AGN provides an upper limit for the contribution of ERGs, while the 
non-AGN indicates the lower limit of p*. Option (ii) also provides an upper limit for the 



star- format ion happening in AGN hosts, which 



levels (e.g. 



Shi et al. 



20071 . 



2009 



r as been proven to occur at significant 



Silverman et al. 



2009 



20111) and even at rates up to thousan ds of M yr 1 (e.g. 



Hughes et al. 



1997 



Shao et al. 



Xue et al.. 


20 


11; 


Mullanev et al. 


Dunlop et al. 


1994; 


Ivison . 


1995 



20101 )). It should be stressed, nevertheless, that no sources 
with logtLi^GHzfWHz- 1 ]) > 24.5 were included in the calculations of the values presented 
in Table |2~3J 

The analysis suggests that the bulk of the ERO population have modest SF activity. At 
1 < z < 2, where most EROs are found, the average SFR is below a few 15 M Q yr -1 . Only at 



15 The significantly greater value of the population median SFR is a result of the adopted weighted 
median, applied to both stacked and radio detected samples. The values resulting from the stacking will 
have much greater relative errors, resulting in significantly smaller weights when compared to the radio 
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2 < z < 3, EROs - many (81%) being simultaneously classified as DRGs - reveal intense 
average SFRs, up to 140 M Q yr -1 , entering the Luminous IR Galaxies (LIRG) regime. 
This suggests that at low- z the passive/evolved systems represent a significant fraction of 
the ERO population (56%, see pEROs discussion ahead), as opposed to the high- z regime 
where the dusty systems dominate. DRGs and IEROs at 1 < z < 2 show substantial 
SFRs, ~ 5OM yr -1 . It should be noted that practically all IEROs and DRGs at these 
redshifts are also classified as EROs, explaining the similar results for th e cERGs. This also 



supports previous cla i ms of a dusty star bu rst nature for these sources (ISmail et al 



2002 



Papovich et al. 



2006 



Wuyts et al. 



2009d). At 2 < z < 3, none of the non-AGN ERG 
populations is successful in achieving a stacking signal, being indicative of < 80 M yr -1 
SFRs. 



T 

ture 


le overall SF 


1 for the DRG population is 


Rubin et al.. 


20C 


4: 


Forster Schreiber et al. 


2005^ 




Papovich et al. 


(: 


>006 


) studied 153 DRGs 



2004; 



Knudsen et al. 



2005 



Reddv et al 



magnitude of K s> tot < 23. They find an average SFR for the DRG population at 1 < z < 3 
of 200 — 400 M Q yr" 1 , which is higher than our result. However, the SFR e stimate is basec 
in th e 24 /im flux alone, method which has been shown, using Spitzer (IPapovich et al 



20071 ) and Herschel Space Observatory data (INordon et al. 



2010 



Rodighiero et al. 



2010) 



to overestimate the actual SFR values. 

The low average SFR for EROs at 1 < z < 2 is due to the numerous pEROs (199, 
56% of the 1 < z < 2 EROs): the stacking analysis of pEROs found in this redshift range 
fails to produce any signal. This population likely corresponds to the passively evolving 
component of EROs. On the other hand, pDRGs at 2 < z < 3 must also be characterised 
by relatively low SFRs: although the stacking analysis is unable to give such indication 
(only limiting the average SFR to < 170 M Q yr" 1 ), pDRGs are the sources responsible for 



detected sources at > 300 M Q yr 
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the observed difference of the average SFR of cERGs and that of DRGs in this redshift 
range. Having this, although the SFR upper limit for pDRGs is rather high, one can adopt 
~ 100 M yr _1 based on the DRG stacking. This is more likely to be close to the real SFR 
value. 

The p* behaviour for ERGs roughly follows the general trend for star-forming galaxies, 
increasing from l<z<2to2<2;<3 (Figure T2.15I 16 ). Overall, the ERG contribution to 
the total p* jumps from ~ 10% in the low redshift bin (IEROs contribution), up to ~ 40% at 
2 < z < 3, where EROs are the highest contributors (up to p* ~0.09 M yr" 1 Mpc~ 3 ). The 
range in p* values for the ERO population clearly makes the point on whether one should 
include the AGN population on not, as the overall p* is ~ 3 times higher than the upper 
limit for the non-AGN population. IEROs are the population on which it is impossible 
to draw any conclusion on evolution, yet they are clearly the biggest contributors at low 
redshift. DRGs tend to be the ERG population to contribute the least in the full 1 < z < 3 
range. 



2.4.5 Dust content 

Knowing that radio is unaffected by dust obscuration and UV is, both regimes are compared 
to give an estimate of the amount of dust present in these sources. Adopting the radio SFR 
estimates as the true values, we estimate how much obscuration is affecting the UV based 
results. The time gap between the emission at these two spectrum regimes is considered 
negligible (a few Myr at most). The hot stars strongly emitting in the UV will quickly 
reach the SNe stage, at which synchrotron emission is produced. 
The calibration used to calculate UV SFRs was that given by 



Dahlen et al. 



fl2007h 



based on the rest-frame 2800 A Luminosity. This was obtained through interpolation of 



16 The error bars in the figure take into account cosmic variance as calculated in: 
http: / / casa. Colorado. edu/~trenti/Cosmic Variance, html 
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Figure 2.15: Contribution of ERG populations to the total at 1 < z < 2 and 2 < z < 3. 
^-selected sources are denoted by black boxes, EROs by green boxes, IER Os by red boxes, 
and DRGs by blue boxes. The compilation of iHopkins fc Beacoml (120061 ) is displayed for 
reference (grey crosses and shaded region, correspond to the p* la and 3a confidence 
regions). Down pointing arrows indicate upper limits. 
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the photometry bands available in the FIREWORKS catalogue. The ratio of the observed 
UV luminosity (Lobs) and that necessary to justify the radio luminosity (Lint, intrinsic 
luminosity) provides the obscuration affecting the UV: 



A 



2800 



-2.5 X log(L Bs/LlNT) 



Having this, we can now obtain E(B-V) knowing that: 



A 



2800 



E(B - V) ste llax X h 



2800 



where E(B — V) ste u ar = 0.44xE(B-V) gas and /C2800 is the ext inction coefficient at 2800 A. 



This can be obtained from an equation like that provided in 



Calzetti et al. 



( 20001 ): 



k x = 2.659 x (-2.156 + 



1.509 0.198 0.011 



A 



A- 



A 3 



+ R 



V 



with A = 0.28 /mi and Ry = 4.05, as the Absolute to Relative Attenuation Ratio. The 
extinction coefficient is estimated to be /C2800 = 7.26. 

The results are presented in columns 2-4 of Table 12.41 Average values of E(B-V)^0.5 



0.6 a r e in agreement with t 



2004 



Papovich et ai- 



r e literature (e.g., 



2006 



Cimatti et al. 



Georgakakis et al 



2002a : 



Bergstrom fc Wiklind 



20061 ). although slightly lower. This owes 



to the fact that we are using rest-frame UV detected, thus biasing toward less obscured 
sources. N onetheless, they already show significant dust content. In this sample (as what 



happens in 



Georgakakis et al. 



20061 ) . the highest level of obscuration is observed for a radio 



detected source: E(B-V)~ 1. 
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Table 2.4: The dust content of ERG populations 



POP SFR uv a SFRi .4 GHz A 2 8oo b E(B — V) c 

[Moyr- 1 ] [MQyr- 1 ] [AB] [AB] 



z\2 


4(2) 


6(3) 


0.9(1.3) 


0.1(0.2) 


zl2; nAGN 


4(2) 


6(4) 


0.9(1.3) 


0.1(0.2) 


z23 


9(4) 


57(49) 


2.2(2.1) 


0.3(0.3) 


z23; nAGN 


10(5) 


32(27) 


1.5(1.7) 


0.2(0.2) 


EROs 










zl2 


2(1) 


8(5) 


1.7(4.8) 


0.2(0.7) 


zl2; nAGN 


2(2) 


6(3) 


1.3(5.3) 


0.2(0.7) 


z23 


6(5) 


136(121) 


3.7(3.6) 


0.5(0.5) 


z23; nAGN 


5(3) 


<82(70) 


<3.2(3.4) 


<0.4(0.5) 


IEROs 










zl2 


2(1) 


52(42) 


3.7(4.0) 


0.5(0.6) 


zl2; nAGN 


2(1) 


42(36) 


3.5(3.7) 


0.5(0.5) 


z23 


5(6) 


139(124) 


3.8(3.6) 


0.5(0.5) 


z23; nAGN 


5(4) 


<92(76) 


<3.2(3.4) 


<0.4(0.5) 


DRGs 










zl2 


2(1) 


59(37) 


3.9(3.9) 


0.5(0.5) 


zl2; nAGN 


2(1) 


53(32) 


3.8(3.6) 


0.5(0.5) 


z23 


6(5) 


115(105) 


3.5(3.5) 


0.5(0.5) 


z23- nAGN 


5(4) 


<89(81) 


<3.2(3.4) 


<0.4(0.5) 
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Table 2.4: (continued) 



POP SFR uv a SFRi 4 GHz A 2800 6 E(B-V) C 



[Meyr- 1 ] [M yr^ 1 ] [AB] [AB] 



cERGs 










zl2 


2(1) 


69(52) 


4.1(4.4) 


0.6(0.6) 


^12;nAGN 


2(1) 


59(48) 


3.9(4.2) 


0.5(0.6) 


z23 


5(6) 


140(125) 


3.7(3.6) 


0.5(0.5) 


z23; nAGN 


6(4) 


<104(90) 


<3.3(3.3) 


<0.5(0.5) 


pEROs 










z 12 


2(2) 


<10(7) 


<1.9(2.7) 


<0.3(0.4) 


zl2; nAGN 


2(2) 


<10(7) 


<2.0(1.9) 


<0.3(0.3) 


223 










z23; nAGN 










pDRGs 










zYl 










zl2; nAGN 










223 


6(2) 


<176(174) 


<4.0(3.8) 


<0.5(0.5) 


z23; nAGN 











Note. — The zl2 and z23 abbre viations stand for 1 < z < 2 and 2 < z < 3, respectively. 
a Using the conversion from lDahlen et al.l (|2007l ) . 

b Estimated directly from t he comparison b etwee n UV and radio SFR estimates. 

^ (l2000h . 



: Using the conversion from ICalzetti et al 
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2.4.6 Mass Functions 



ERGs are known to be among the most massive o bjects at high redshifts (> 5 x 1O 1O M , 



Georgakakis et al. 



2006 



van Dokkum et al. 



20061 ). However, not only mass estimates are 



very model dependent (models which improve with time), but previous work was based in 



shallower and / or less numerous samples and/or d i fferen t redshift ranges 



2006 



Georgakakis et al. 



2006 



Marchesini et al. 



2007 



Grazian et al 



van Dokkum et al. 



20071 ). Here, recent 



estimates for the FIREWORKS sample are considered in order to assess the mass distri- 
butions of these ERG populations and their cont ribution to the total ga laxy pu at high 



redshift. The mass estimates are those referred in 
prescription described in 



Marchesini et al. 



Wuvts et al. 



fl2007h . Briefly, (IBruzual fc Chariot 



(120091). a nd fo llow the 
BC03) 



2003 



models were fitted to the obser ved optical-to-8 /jm SEP with the HYPERz stellar popu 



lation fitting code, version 1.1 (IBolzonella et al 



2000|) . Different star formation histories 



(SFHs) were considered (single stellar population without dust, a constant star formation 
history with dust, and an exponentially declining SFH with an e-folding time-scale of 300 
Myr with dust). Ay value s ranged from to 4 in step of 0.2 mag, and the attenuation 



law of 



Calzetti et al. 



( l2000l ) is considered. In this work a Salpeter initial mass function 18 
(IMF) is adopted for consistency with the work done in the previous sections. The values 
of the galaxy stellar mass consider the masses of living stars plus stellar remnants instead 
of the total mass of stars formed, thus discarding the mass returned to the ISM by evolved 
stars via stellar winds and supernova explosions. For a detailed study on t he systematic 



uncert ainti es obtained by adopting different set of parameters and models see 



(120091 ) and 



Marchesini et al 



Muzzin et al. 



( 120091 ). For example, using Chariot & Bruzual (in preparation) 



models instead of BC03, differing on the treatment of TP-AGB stellar phase, t 



le estimated 



galaxy masses are 25% lighter (M [BCO3] = O.75xM [CBO9]. 



Muzzin et al. 



20091 ). Mass 



1 7 http: / / webast.ast . obs-m ip.fr /hyperz / 
Marchesini et al. (2009) adopt a pseudo-Kroupa IMF by scaling down the stellar masses by a factor 



of 1.6. 
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estimates were considered only when obtained with reliable photometry (a pixel weight of 
w> 0.3 from UV to 8 /mi) and if the source has less than 50% probability to be associ- 
ated with an unobscured AGN, as higher probabilities may imply a high contribution from 
non-stellar emission to the galaxy SED, thus resulting in misleading mass estimates. 

Again, the ERGs are separated into sub-populations and redshift intervals, an d AGN 



and no n-AGN populations. The AGN/non-AGN separation is important. Although 



Marchesini et al. 



( 120091 ) stress that AGN IR emission does not significantly alter the mass estimates, their 
conclusion is based on a comparison with re-computed mass estimates without considering 
the 5.8 and 8.0 /mi IRAC channels. However, in an error-weighted SED fitting procedure, 
these channels will unavoidably count less due to their tendentiously higher photometric 
errors. Also, the higher number of optical filters, and their tendentiously smaller pho- 



tometric errors, imply that t 
compared to optical ones (see 



re nIR and IR filters will tend to be less considered when 

for a tentative correction). In Chap- 



Rodighiero et al 



2010 



ter HI we show as well that, depending on the source redshift, H to 4.5 /im bands may 
also be affected by AGN emission. Although it may not produce a scatter in the stellar 
mass estimate, a dangerous upward scaling bias may happen. Fi nally, it is known that 



the fraction of AGN increases both w ith redshift and stellar mass ( IPapovich et al. 



Kriek et al.. 


2007; 


Daddi et al.. 


2007) 



2006 



latter X-ray identified AGN tend to be hosted by > 10 10 M massive galaxies. As one con- 
siders higher redshifts, the sample is restricted to higher mass galaxies, hence producing 
an apparent rise in the AGN fraction of the sample (again supporting the high AGN hosts 
fractions of 25-40% found for ERG populations). 

Mass densities are obtained considering the 1/Vmax method as previously described. 
The results are presented in Table I2"3l and compared to the overall tendency observed in the 
universe in Figure 12.171 The pm for the total ^-selected sample are also estimated in the 



considered redshift intervals and are in agreement with those presented by 



Marchesini et al. 
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Figure 2.16: Distribution of sources in the z-mass space. X-ray identified AGN (as red 
triangles) are overlaid for reference, showing that they are mostly hosted by 2 x 10 10 M 
galaxies. The darker the points, the higher is the probability to have K s < 23.8, while the 
redder the triangle, the higher is the probability to be a source with an X-ray AGN with 
K s < 23.8 (similar Figure [23} . 
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(120091 ). ERGs may constitute up to 60-70% of the total mass of the 1 < z < 3 universe, 
although they represent only 25% of the 1 < z < 3 K s selected sample. The average 
and median mass estimates are roughly equal among all three ERG populations in the full 
1 < z < 3 range. At 1 < z < 2, one can consider the ERO population to be complementary 
composed mainly by IEROs and pEROs. Figure 12. 1 71 shows that both populations comprise 
comparable Pm values, representing together ~ 60% of the Universe mass at 1 < z < 2. 
hese mass densities esti mates are in agreemen t with what is seen for 1 < z < 2 EROs 



(IGeqrgakakis et al 



2006 



Grazian et al. 



2006j)and 2 < z < 3 DRGs (Ivan Dokkum et al 



2006 



Rudnick et al 



2006af ). 

F igur e [2.181 shows the mass functions (MFs) of the overall ^-selected galaxy population 
and for the different ERG populations. On the overall i^-selected MF, one can distinguish 



a dip at log(M/M^) ~ 10.4 referred in the literature at z < 1 (e.g. 



Pozzetti et al 



Drory et al. 



2009 



2010l ). This confirms that the feature is present at even higher redshifts. 



Also, there seems to exist another dip at even higher masses (log(M/M ) ~ 11), and 



it seems to be stronger for IEROs and DRGs, although this resu 



Drory et al 



2009 



t is still preliminary . 



Pozzetti et al 



2010 



Comparing to what we see at lower redshifts (e.g 
and Chapter H]), where both early and late type galaxies contribute at a comparable level to 
the high mass end, a possible interpretation may be the on-going mass build up of late type 
galaxies (comprising dusty starbursts), while a significant amount of early type galaxies 
has already reached an advanced stage of mass build up (producing the second hump). 

Note that at the highest mass bins (M> 10 n M o ), the contribution of ERGs to the 
overall mass densities reaches 100%. There are evidences for an evolutionary trend. Note 
that, while at high-z, all three populations equally dominate the high mass bins (due to the 
overlap between them), at low- z, only the EROs maintain their strong contribution to the 
total mass function of K s selected sources. However, all three present comparable stellar 
masses (Table |2~5|) . The reader should recall that low- 2 DRGs and low- z IEROs are also 
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Table 2.5: Mass and Specific SFRs of the Extremely 
Red Galaxy 



POP 


log(M) a 


log(pM) 6 


log(sSFR) c 




[M ] 


[M Q Mpc~ 3 ] 


[yr- 1 ] 


K 








zl2 


10.1(10.6) 


8.1(8.2) 


-9.3(-9.3) 


zl2; nAGN 


10.1(10.6) 


8.1(8.1) 


-9.3(-9.3) 


z23 


10.4(10.4) 


7.8(7.9) 


-8.6(-8.5) 


z23- nAGN 

/J AiU . ±J.i 1VJ J. >l 


10.3(10.4) 


7.5(7.5) 


-8.8(-8.7) 


EROs 








z\2 


10.7(11.1) 


7.9(8.0) 


-9.9(-8.9) 


zl2; nAGN 


10.7(11.1) 


7.9(7.9) 


-10.0(-8.4) 


z23 


11.0(11.1) 


7 6(7 7) 


-8.8(-8.9) 


z23- nAGN 


11.0(11.1) 


7.3(7.3) 


<-9.1(-9.0) 


IEROs 








zl2 


10.8(11.3) 


7.6(7.6) 


-9.1(-9.0) 


zl2; nAGN 


10.8(11.5) 


7.5(7.5) 


-9.2(-9.0) 


z23 


11.0(11.4) 


7.6(7.6) 


-8.9(-8.9) 


z23- nAGN 


11.1(11.1) 


7.3(7.3) 


<-9.1(-9.1) 


DRGs 








zl2 


10.7(11.1) 


7.2(7.3) 


-9.0(-9.1) 


zl2; nAGN 


10.7(11.1) 


7.1(7.1) 


-9.0(-9.1) 


^23 


10.9(11.0) 


7.6(7.6) 


-8.9(-8.9) 


z23; nAGN 


11.0(11.1) 


7.3(7.3) 


<-9.0(-9.0) 
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Table 2.5: 


(continued) 




POP 


log(M) a 


log(p M ) 6 


log(sSFR) c 




[M ] 


[M Mpc~ 3 ] 












ZYZ 


in n/ii 

iu.y [li.z ) 


1 1 (i o\ 
( .!(/ .1) 


-y .u(-y .u ) 


~ 1 o . ^ A AT 

ziZ] nAlrlN 


111.8(11.1 ) 


*7 C\('~7 1 "\ 

I .U( 1 .1 ) 


n n / n 1 \ 

-y.u(-y.i ) 


zZo 


11 1 /i 1 1 ^ 
11.1(11.1 ) 


f .o( r .o ) 


-o.y(-y.u ) 


OO A /~1 AT 

2:23; nAGJN 


11 1/11 o\ 

11.1(11.2) 


7.2(7.2) 


<-9.1(-9.1) 










~1 o 


1 n *7 { ~\ 1 1 \ 
1U. / (11.1) 


f . t ( ; . ( ) 


<-y.o(-y.o ) 


„ A (~i AT 


1 n T/'i 1 1 A 
1U. f (11.1) 


l .uyl .0 ) 


<-y. r£)(-y.o ) 


ZZi 


1 n ^/'i 1 n\ 
1U. / (11. U) 


o.z(o.z ) 








o.o\ O.V 1 




pDRGs 








zl2 


9.7(9.6) 


5.1(5.1) 




zl2; nAGN 


9.5(9.6) 


4.5(4.5) 




z23 


10.6(10.8) 


6.5(6.5) 


<-8.4(-8.4) 


z23; nAGN 


10.5(10.7) 


6.0(6.0) 





Note. — The z\2 and z23 abbreviations stand for 1 < z < 2 and 2 < z < 3, respectively. The upper 
limits for Luminosity and SFR estimates, whenever Nmc > fTable |2~3"|) . are calculated 
considering the maximum S/N obtained in the respective set of MC simulations. 

a The number in parenthesis indicates the median value. Errors at the la level reach 0.2-0.4. 

b The number in parenthesis indicate the estimates when accounting for the radio detected 
sources. Errors are at the 0.1-0.2 level and account for cosmic variation). 

c In parenthesis, the median value also taking into account radio detections (> 3a) excluded 
from the stacking procedure (see Section I2.4.3P . 
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Figure 2.17: Contribution of ERG populations to the total pu at 1 < z < 2 and 2 < 
z < 3. EROs are denoted by green boxes, IEROs by cyan boxes, and DRGs by blue 
boxes. Also, pEROs are denoted by the dotted green box at 1 < z < 2. The comp i lation 



from the literature ( Cole et al. . 200(1 Fontana et al. . 2003 . 2004 : Glazebrook et al 
is displayed for reference (grey crosses). 



20041 ) 
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Figure 2.18: Mass functions for the K s population (in black), EROs (green), IEROs (red), 
and DRGs (blue), at 1 < z < 2 (upper panel) and 2 < z < 3 (lower panel). A moving 
bin of width 0.25 log(M Q ) was used with steps of 0.125 log(M Q ). Whenever the number 
of sources in each bin was small, a large bin was used (0.51og(M Q )). T he bin wi dths are 



show at the top. The shaded regi o ns ar e mass functions derived from I Cole et al.l (12001 
at z ~ 0.1) and iMarchesini et al.l (120091 at 1.3 < z < 2 and 2 < z < 3), respectively, 
light-grey and dark-grey regions. 



Properties of ERGs 



84 



mostly classified as EROs. What is likely to be happening is that part of the star-forming 
population seen at high redshifts and selected by all three criteria, have extinguished their 
fuel at low- z and are gradually missed by the IERO and DRG criteria 19 , turning into 
passive evolved systems (becoming pEROs). The remainder still have some obscured star- 
formation happening, producing the characteristic red colours in all three ERG criteria, 
enabling the selection as IE ROs and/or DRGs. This effect was first explored at z < 2 by 



Pozzetti fc Mannuccil (120001 ) using an i — K versus J — K colour-colour space to separate 
early-type galaxies from dusty starbursts. However, they found necessary to have a diagonal 
cut extending the s electio n of dusty starbursts to bluer J — K colours (Figure 12 .191). which 



Georgakakis et al. 



Mannucci et al. 



2002 



Cimatti et al. 



Pierini et al 



2003 



20041 ) . Hence, some 



(120061 ) confirmed (and also 
through a similar R — K versus J — K diagram, but see 
star-forming systems are expected to be included in the pERO population, yet, from the 
radio estimates, they are not dominant in the pERO population. The next section will 



reveal more details on this subject. 



2.4.7 Morphology 

Galaxy morphology can be an efficient way to break the photometric degeneracy between 
the passively evolved and dusty starburst populations. This field of research has improved 
enormously, specially with the observations provided by the 20-year old HST. Its high 
resolution and sensitivity enabled the scientific community to improve our knowledge of 
galaxy evolution through means of morphology studies up to high redshifts. Still, it is 
a field where a lot is still left to be discovered. In a time where the number of galaxies 
per survey reaches millions, the community turned its efforts to develop morphological 
(non-) parametric criteria, avoiding the time-consuming and subjective visual inspection. 

19 The DRG criterion is even more affected because, at z > 2, it relies on the 4000 A break being 
redshifted into the spectral range between J and K s bands, which, of course, does not happen at z < 2. 
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Figure 2.19: The original Figure 4 from iPozzetti fc Mannuccil ( 120001 ) with a vertical dashed 
line over-plotted representing the adopted DRG cut in this thesis. Note the colour axis 
are in Vega system. The region referred in the text is the triangle to the left of the long 
dashed line. 



A set of morphological criteria, frequently used by the astronom y 



the Concentratio n, Asymmetry, and Smoot 



hness 



f Lotz et al 



20061 ) coefficients (see 



Lotz et al 



2004 



CAS. IConselicd . 



Conselice et al 



com munity, rely on 



2008 



20031) . Gini and M 



20 



, for a comparison 



between these parameters). 

Many are the combinations between the five coefficients which are believed to separate 
different types of galaxy systems, from early-type galaxies to highly disturbed systems. 



However, for this h igh- z ERG 



galaxy samples by 



Lotz et al. 



samp 



e, the simple criterion applied to z ~ 1.5 and z ~ 4 
( 120061 ) will be the one adopted: M20 > —1.1 for merger 
candidates, and M 20 < —1.8 and G> 5.7 for bulge dominated galaxies. The second- 
order moment values of the 20% brightest galaxy pixels, M 20 , owes its name to the way 



it is computed: it is the product between the flux and the squared distance (to galaxy 
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centre) of the 20% brightest pixels in a galaxy li ght profile 



norma lised by the second- 



Lotz et al. 



20041 ). Hence, M 20 traces 



order moment for the entire, 100%, galaxy pixels, 
any off-centre bright distributions in a galaxy profile (either bright star-formation clumps, 
bars, spiral arms, or star clusters). In the high redshift universe, high M 2 o values are thus 
expected to be related to star-formation clumps, features taken as a hint of merger activity. 
The Gini index, G, has its origins in demographic studies to provide the degree of wealth 
distributi on within a popu lation. Smaller Gini values indicate a more uneven distribution 



of pixels (ILotz et al. 



20041 ) 



Lotz et al. 



( 2004 



2006|) 



The morphology code used in this work was that developed by 
(the reader is referred to these works to fully understand the concepts adopted ahead). 
The images considered for the study are those from the latest Great Observatories Origin 
Deep Survey South (GOODSs) ACS-HST release (vl.9). The total drizzled image was 
divided into overlapping cells to avoid the loss of galaxies at the boundaries. The value 
adopted for those galaxies with more than one measurement were the estimates with the 
best signal-to- noise ratio (S/N). SExtractor was used to provide the segmentation files and 
the input catalogues to the code. Only sources with a signal to noise (S/N) detection of 
S/N > 2.5 and effective radius (R cff ) of R cff > 2xF WHM (Full Width at Ha lf Maximum) 



Lotz et al. 



(12004 . 



2006|). 



are considered for the morphology study, as done by 

In order for a fair comparison between the lower and upper redshift intervals, two bands 
are considered to constraint the same observed rest-frame wavelength: the Vqqg band for the 
1 < z < 2 redshift bin and Zg5o band for the 2 < z < 3 redshift bin 20 . Figures 12.201 and \2. 2 II 
show the Gini-M 20 space and the difference between low and high redshift sources in each 
of the ERG populations. One of the main features to point out is the ERO distribution, 
clearly showing a wide range of values in both redshift ranges. Note that, at low redshift, 
there is a significant part of the ERO population close to or in the upper left region (reserved 



20 This redshift -band combination is based on the rest-frame ^2800 A wavelength being redshifted into 
these specific bands at these redshift intervals. 
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for bulge dominated sources, 



Lotz et al 



20061 ). whereas IEROs and DRGs fall at higher 



M20 with fractions of a 
(M 20 >-1.1 



Lotz et al- 



most 50% inside the region where merger candidates are expected 



20061 ) . Again, the strong similarity between all samples is observed 



at the highest redshifts. This figure strongly supports the scenario proposed in the previous 
section, where part of the high redshift population (seen here with smaller M20 and higher 
Gini values) becomes less active, thus becoming pEROs at low redshifts. The fact that the 
Gini-M2o values of pEROs are comparable to those for the high- z ERG population also 
agrees with recent st udies defending the presence of already settled early-type galaxies at 



z ~ 2 or higher (e.g .. 



Wuvts et al. 



2009a : 



Pozzetti et al. 



2003 



Marchesini et al. 



Papovich et al. 



2006: 



van Dokkum et al. 



2006 



20091 ). Note, however, from Figure [2T2T1 that not all 
the pERO population is strongly bulge dominated, as expected from the discussion at the 
end of the previous section. Yet the presence of pEROs is stronger close to the upper left 
region (and the radio data reveals a SFR upper limit of the order of unity). Furthermore, 
Figure 12.221 shows there is a gradual increase in J — K colours for sources with increasing 
M20 value, probably meaning higher obscuration and star-formation. Again, this points 
to an evolutionary scenario: extremely red systems at high redshifts present significant 
SFRs and already spheroidal type morphologies, but fuel is exhausted as they evolve to 
z ~ 1 and they become more passive, thus being gradually missed by the IERO and DRG 
criteria. 

In an attempt to link the results inferred from radio SFRs, mass estimates, and mor- 
phology in this section, we propose that practically all ERGs comprise the same population, 
but seen in differ ent evolution stages. This has been proposed before. In the review by 



McCarthy! (120041 ) . for instance, evidences are presented for a link between high redshift 



DRGs to low redshift EROs, and refer sub-millimetre galaxies ( SMGs) as the probab 



extreme star forming ancestors of evolved ERGs at z ~ 1 (see also 



McCarthy et al. 



ERGs in general are known to be found in dense environments (e.g., 



2004). 



Georgakakis et al. 
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Figure 2.20: Distribution of sources in the Gini-M2o space. The panels refer to different 
redshift ranges (upper panels for 1 < z < 2 and lower panels for 2 < z < 3), and 
different populations (EROs on the left-hand side, IEROs in the middle, and DRGs on the 
right-hand side). The error-bars in the top middle panel show typical errors for a source 
with S/N=2.5. The darker the point, higher is the source probability (see Figure |23|) . 
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Figure 2.21: Distribution of sources in the Gini-M2o space. The panels refer to different 
redshift ranges (upper panels for 1 < z < 2 and lower panels for 2 < z < 3), and different 
populations (pEROs on the left-hand side, cERGs in the middle, and pDRGs on the right- 
hand side). The error-bars in the top middle panel show typical errors for a source with 
S/N=2.5. The darker the point, higher is the source probability (see Figure l2~5l) . 
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Figure 2.22: Pure-EROs in the Gini-M2o space. Point intensity indicates how red in J — A' 
a given source is, where lighter dots mean J — K colours close to verify the DRG criterion 
(similar to Figure |2~5|) . It is visible the gradual change toward less red colours from the 
lower right to the upper left. 



91 



Chapter 2. A multi-wavelength approach to ERGs 



Kim et al. 




2011) 


e.g., 


Daddi et al. 



with a higher degree of 



2002 



Roche et al 



2002 



clustering for the passive-evolved 



Foucaud et al 



2007 



c ompo - 



Kong et al 



2009|). 



The reader should recall that, the m ore massive the host dark matter halo is, the sooner 



baryonic mass is expected t o collapse (IBaugh et al. 



1999 



Tanaka et al. 



2005 



De Lucia et al. 



2006 



Neistein et al. 



20061 ). Hence, as one probes lower density fields more likely it is 



to find younger and bursty galaxies, as the baryo nic mass ass e mbly started later than 



Roche et al. 



((2002J) believe that both 



in galaxies found in denser regions. For instance, 
passive-evolve d and dusty starburst ERG components end as old ellipticals in the local 
Universe, and lFontanot fc Monaco! (120101) find no passively e volve d versus dusty starburst 



population bimodality in EROs. Also, 



Bussmann et al. 



J2009I) and 



Narayanan et al. 



feoioh 



propose that dusty obscured galaxies (DOGs), in case a merger scenario is considered, are 
can didates for ga l axies in an evolut i on p 



sec 



Shapley et al 



2005 



Stark et al 



2009 



lase between SMGs and quiescent DRGs (but 
for an alternative Lyman break galaxy origins 
scenario). Adding to that, an X-ray analysis reveals comparable obscured AGN fractions 
for SMGs and DRGs when considering the most X-ray lumino us sources (Section 12.3. 21) . 



Hopkins et al. 



2006 



and 



Knowing that the QSO duty-cycle is expected to be short (e.g. 
Section T2.4.2I in this work), in order for such property to hold, the transition between the 
SMG and DRG phases may actually be quite fast. There is evidence that support this 
scenario, where SMGs a re believe to be rapid, highly dissipat ive, gas-rich major merger s 



(^Narayanan et al. 



20091 ) with short-lived (~ 1 Gyr) starbursts (ITacconi et al. 



2006 



20081 ). 



2.4.7.1 The case of pDRGs 

Most pure-DRGs (85%) are found in a very interesting epoch of the universe , when both 



star- 



2006 



ormation and AGN ac tivity peak (jOsmer 



2004 



Hopkins et al. 



ences to this population (IForster Schreiber et al. 



Hopkins fc Beacom 



2006 



Richards et al 



20071). 2 < z < 4. In the literature, one can find scarc e indirect refer 



2004 



Wuvts et al. 



20071 who also study 
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those DRGs with bl uer rest-frame U — V c olours), sometimes e ven regarded as a result of 



photometric errors flPapovich et al 



20061). 



Wuyts et al 



(120071 ) refer these galaxies as the 



least massive among the DRGs. 

The colours and redshift distribution of pDRGs imply an evolved stellar population 
(bands J and K straddle the 4000A break) and an excess of flux at rest-frame ultra-violet 
(based on the less extreme red i — K s or z — [3.6] colours). Such colours can be produced 
either by exponentially decaying or constant star-formation histories. While the former 
applie s to passively evolving galaxies, the latter scenar io is considered for merging sys- 



tems ( Forster Schreiber et al. 



2004 ; 



Wuyts et al. 



2009b 



a) . This calls for a morphological 



inspection in order to break such degeneracy. 

To maximise the statistics in this section, the requirement for a pDRG to be non-IERO 
is discarded 21 , the magnitude cut is extended to fainter fluxes, down to the catalogue 
limiting magnitude of K s = 24.3, and the 2 < z < 4 redshift range is considered. There 
are 237 DRGs found in this way, 88 of which are pDRGs. The total K s population amounts 
to 894 sources under these constraints. All 88 pDRGs were visually inspected. Figure 12.231 
shows a few examples of the selected pDRGs with disturbed light profiles. The example 
on the lower right corner is a z spec = 0.5 galaxy that clearly shows why the pDRG selection 
can identify galaxies at such low redshifts. Due to its disturbed morphology, some star- 
forming regions of the galaxy are not obscured by dust (producing the UV excess), while 
the rest of the galaxy is strongly obscured by a dust lane originating red J — K colours. 



The source to its left is at z 



spec 



2.2, showing an extended low surface brightness feature 



to the right (West). This is the source seen in Figure I2".21l with the highest Gini coefficient 
(and M20 < — 1.1) in the upper redshift bin of pDRGs. Interestingly, a proper flux contrast 
scale reveals two nuclei separated by 0.1". This reveals that automated algorithms will 
not always select merger candidates, and visual inspection should be pursued whenever 



21 



The reader should recall that most IEROs are also EROs, so this is a plausible assumption. 
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Figure 2.23: Twelve examples of pDRGs found in GOODSs. The cut-outs are taken from 
the MAST cut-out service and are 5" wide ACS-Viz band combinations. The galaxy seen 
in the bottom right corner is at z spec = 0.5, while all the remainder are at 2 < z < 4. 



possible. 

However, are pDRGs more disturbed than the remainder galaxy population at 2 < z < 
4? To allow for a fair comparison, three complementary samples are considered: pDRGs, 
DRGs not pDRGs, and i^-selected non-DRG sources. Considering the above mentioned 
M20 > — 1-1 cut to select merging system candidates (estimated in the z 775 band when at 
2 < z < 3 and in the zsso band when at 3 < z < 4), one obtains fractions of 31%, 32%, 
and 33% for non-DRG, DRGs not pDRGs, and pDRG samples, respectively. Although 
the conclusion is that pDRGs are as disturbed as the remainder galaxy population, the 
M20 parameter shows a consistent value in agreement in recent estimates using other mor- 



phology criteria. In Figure 10 by 



Conselice fc Arnold 



( 120091 ). the general trend for the 



expected evolution of galaxy merger fraction with redshift (considering estimates based on 
both visual and non-parametric classifications) shows a peak at z ~ 3 and at the 30% level. 
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One last procedure is used to confirm the active nature of the pDRG population. In 
Figure I2.24[ the best x 2 fit to the photometric data of pDRGs wavelengths is presented. 
Two type of fits are shown: Fit-1 considers the optical-nlR-IR data and Fit-2 the nlR-IR- 
MIPS24 Atm data. Among an extremely rich template library (the same used in Chapter [3]), 
the tw o best fits are hybrid s based in the SED of IRAS 22491-1808. The overlaid image 



stamp (jScoville et al 



20001 ) shows the morphology of this local ULIRG to be characteristic 
of a merger system. It should be pointed out that the AGN contribution in each template is 
of the order of 20% (Fit-1) to 30% (Fit-2). This is in agreement with the literature, which 
hints to a strong co-existence of star- fo rming and AGN activity at such high redshifts (e.g., 



Hopkins et al. 



2007 



Lotz et al. 



20081 ) . In fact, five X-ray detections are observed, with an 
average X-ray luminosity of log(Lx [ergs' 1 ]) ~ 43.8 and column density log(Nn [cm' 2 ]) ~ 
23 22 . Also, from the available spectroscopy (seve n sources) , two narro w line AGN are found. 



Norman et al 



( ]2002f ) as the farthest object 



Nominally, one is the type-2 QSO announced by 
of such type found at the time, another shows P-cygni profile emission lines (characteristic 
of expanding shells of material). A third object (classified as AGN in the X-rays) is a 



cand i date for a Fe Low-ionization broad absorpt ion line system (FeLoBAL 



2002: 



Hall et al 



2002 



Farrah et al 



20071 . 



Gregg et al. 



20101) . This population of galaxies, is maybe 



transiting between AGN and star-burst dominated phases. The three spectra are displayed 
in Figure 12.25} together with the respective optical image cut-out, showing that compact 
systems do appear in the pDRG population. The obscured nature of these AGN hosts 
reinforces the idea that the UV flux comes mostly from star-formation processes. 

These results thus support that pDRGs are an appropriate population for the study of 
the co-existence of star-forming regions with AGN activity in the epoch of greatest activity 
in the universe. We aim to assess questions such as "Which came first? The starburst or 



22 H owever, the two sources with the highest source V are distinct. One (that referred bv lNorman et al 



20021). with 100% V , has e stimated intrinsic log(L x [ergs -1 ]) ~ 44.8 and log(N H [cm -2 ]) ~ 24 (in agreement 
with iNorman et all . [20021 ) . The other, with 96% V, has log(L x [ergs" 1 ]) ~ 43.4 and log(N H [cm -2 ]) < 20. 
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Figure 2.24: The data points are rest-frame photometry normalised at 1.6/im (black dots 
indicate upper-limits). The two resulting best \ 2 fits are based in a template of IRAS 
22491-1808 with a contribution of 20% (gr een) and 30% (blue) from AGN emission. A 



NICMOS--H160 image of IRAS 22491-1808 flScoville et al 
right corner. 



20001 ) is displayed in the lower 
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vvavHrnyl h (Angsl rom) 



Figure 2.25: Three examples of candidate AGN spectra found in the pDRG sample. 
The top one i s the FeLoBAL candidate, the middle panel shows the type-2 QSO from 
Norman et al.l ( 120021 ). whi le the bottom panel s hows the evident P-cygni profiled emission 
lines of AXAF EIS-U21 flCristiani etall l2000h . To the right of each spectrum, are the 
respective ACS-Viz stacked imaging (5" wide) from MAST cut-out service. 
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the AGN phase?", "What is the mechanism behind such transition?", and "What is the 
time range for the transition from a starburst to AGN dominated phase or vice-versa?". In 
order to do so, the spectral coverage of the pDRGs must be improved (currently ~10% of 
the population is found to have a measured spectrum). For this purpose, an observational 
proposal has been recently submitted to F0RS2 at the VLT-UT1 telescope. 

2.5 Conclusions 

We have presented a multi- wavelength analysis of the properties of the ERG population in 
the GOODSs field. EROs, IEROs, DRGs - and various combinations between these groups 
- are considered, their AGN content identified and their contribution to the global p* and 
Pu estimated. A new approach is adopted where each source contribution is weighted upon 
the uncertainties of the estimated parameters (e.g., photometric redshifts, fluxes). All this, 
together with the estimated masses and rest-frame UV morphologies, leads to the following 
conclusions: 

• the different criteria for the selection of red galaxies select, as previously known, 
sources at different redshift ranges: while the bulk of EROs and IEROs can be found 
at 1 < z < 2, DRGs are mostly found at 2 < z < 3. Different combinations of the 
three criteria result in samples with distinct redshift properties: while cERGs are 
observed in a wide redshift range, 1 < z < 3, and have no \ow-z {z < 1) interlopers, 
pEROs and pDRGs appear in distinct redshift intervals, at 1 < z < 2 and 2 < z < 4, 
respectively. The "pure" criteria appear, thus, to result suitable and simple techniques 
to select high-z sources in well constrained redshift intervals. See Section 12.4.11 

• the ERG population does not include a large number of powerful AGN, as indicated 
by the X-rays and radio observations. One fourth of the ERG sample hosts potential 
AGN activity, with the fraction of AGN increasing from EROs to IEROs to DRGs 
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(resp., 23%, 33%, and 39%). Among ERGs, and according to the X-ray properties, 
Type-2 sources dominate (a 2-3:1 ratio, up to 6:1 for log(Lx[erg s -1 ]) > 44 sources). 
An X-ray estimate of the Type-2 to Type-1 AGN ratio among the ERG population 
is, however, indeterminate, requiring observations extending to lower X-ray energies 
(higher wavelengths). See Section 12.3.21 and Section 12.4.21 

• The multi-wavelength AGN identification confirms that AGN tend to be found in 
more massive galaxies, and the AGN fraction increases with redshift, presenting a 
peak at z ~ 3, in agreement with the literature. We also note the rise of the AGN 
fraction at z < 1, supporting the findings that sources presenting ERG colours at 
low-z, tend to be dusty systems hosting an AGN. Also, the AGN fraction evolves 
differently with colour, showing that the J — K colour is more efficient to select a 
higher fraction of AGN with the advantage that the observed population will mostly 
be at z>2. This is important for the selection of faint IR-excess sources as AGN 



candidates fas in 



Fiore et al. 



2008|). See Section 12X21 



EROs at z < 2 are often pEROs (~60%), which are mostly passively evolved systems 
without strong SFR activity, on average below ~ 10M Q yr _1 . On the other hand, 
essentially all EROs at 2 < z < 3 are classified as DRGs and may show up to 
~ 140 M Q yr _1 . See Section [2331 

The overlapping population, the cERGs, displays an intense average SFR at 1 < z < 



2 (up to 69 ± 



these sources ( Smail et al. 



5M fl yr" 1 ) 



supporting previous c 



2002 



Papovich et al. 



aims o f a dusty starburst nature for 



2006|). See Section [2331 



The contribution of ERGs to the p* increases with redshift: from up to ~ 25% at 
1 < z < 2 to up to ~ 40% at 2 < z < 3. IEROs show the highest contribution 
to the global star formation history among the three ERG population at low-z. See 
Section [2331 
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• SFR densities from ERG populations were estimated for SF-dominated and total 
populations separately after a thorough AGN multi-wavelength identification. Al- 
though the inclusion of AGN ERGs in the stacking would only slightly increase the 
average radio luminosities shown by the non-AGN samples, that inclusion for the 

estimate may lead to significant (and, at this point, undetermined) biases. See 
Section [2331 

• The use of a [8.0]-[24] colour diagnostic allows for a tentative separation between AGN 
and star-forming galaxies at z > 2.5, where mid-IR (2 to 8 /jm) diagnostics become 
degenerate. In particular, the use of this diagnostic enables the identification of a 
z ~ 2.5 massive (5 x 10 11 M ) evolved system with MIR colours and morphology 
typical of a disc galaxy. See Section I2.3.3.2[ Chapters [3] and [5j 

• A direct comparison between rest-frame UV light and radio emission from ERGs, 
points to a higher dust obscuration in the common population (cERG), up to E(B — 
V) ~ 0.6. The lowest obscuration level is found for pEROs, which are believed to be 
mostly passively evolved systems. See Section 12.4.51 

• ERGs comprise high fraction of the Universe stellar mass at 1 < z < 3, ~60%, 
although they represent only 25% (at 1 < z < 2) and 30% (at 2 < z < 3) of the 
total galaxy population. Mass functions show that at the highest masses, ERGs may 
comprise practically 100% of the Universe stellar mass. The use of a moving bin 
allows the tentative discovery of a dip in the mass function at ~ 10 11 M (probably 
the result of different contributions of early, producing the higher-mass hump, and 
late type galaxies, producing the lower-mass hump), and confirms the existence at 
z > 1 of the lower-mass (at ~ 1O 1O ' 4 M ) dip referred in the literature at z < 1. See 
Section T2.4.6I and Chapter HI 

• The morphology analysis reveals bulge dominated galaxies at 2 < z < 3 and shows an 
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heterogeneous ERG population. The separation into pure and common populations 
does not point to any bimodality. This evidence, together with the remainder results 
and work in the literature, supports the scenario that EROs, IEROs, and DRGs 
are a sequence of galaxy evolution phases (showing a significant overlap). Also, one 
of the possibilities for the high-z progenitor Population of ERGs may be indeed 
sub-millimetre galaxies after a fast transition into a DRG phase (based in literature 
evidences and X-ray information). 

The peculiar population of pDRGs at 2 < z < 4 is also studied, showing that they 
are indeed a mix between old and young stell ar populations . Pec uliar cases are 



20021 ) and a galaxy 



found, including a the type-2 QSO found by ( iNorman et al. 
revealing P-cygni-shaped emission-lines. Although the spectral coverage is small and 
X-ray detections are not numerous, there are tentative evidences for a transition 
scenario between AGN and star-forming phases for pDRGs, as similarly defended for 
FeLoBALs. 



Chapter 3 

Selecting < z < 7 AGN 



3.1 Introduction 



Following the steps of its space-based predecessors (Infra-red Astronomical Satellite and 
Infra-red Space Observatory), the successful mission of the Spitzer Space Telescope (Spitzer) 
has opened a new window to the scientific community, by unveiling a deeper in f ra-red 



(IR) universe. E xamples include mass estimates of high-z galaxies 



Ilbert et al. 



2004 



20101 ). star formation history of galaxies ( iLe Floc'h et al. 



(IWuyts et al. 



2005: 



2007 



Perez-Gonzalez et al 



2005 ) and black hole growth and demograph i cs throughout the age o 



Stern et al. 



2005 



Donlev et al. 



2007 



Fiore et al. 



2008 



the universe ( Lacy et al. 



20091 ). A major accomplish- 



ment has been the development of purely photometrical techniques, in the 3-8 fim range 
for the efficient selection of sources with enhanced IR emission re dward of the 1.6 /im stel- 
lar peak, characte ristic of an active galactic nucleus (AGN; e.g 



Stern et al. 



2005 



Lacy et al. 



2004 



2007 



hereaft er L07 and S05, respectiy e 



ground-based telescopes, 



Kleinmann fc Low 



1970 



y). L o ng kn own since the 70's (with 



Rie 



kc 



and 80's (with the start of IR 



1985 



Neugebauer et al 



1986 



space-based ob s ervat ions 



1978 



and references therein" 



Sanders et ai- 



de Grijp et al. 



1985 



Milev et al. 



1989! ). active galaxies are prone to show in- 
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tense emission at IR wavelengths. This is a powerful tool as it allows the selection of AGN 
sources not revealed at other wavelengths. This is mostly due to dust obscuration hiding 
AGN signatures at optical and even X-ray wavelengths. The absorbed energy is subse- 
quently reprocessed by the enshrouding dust and emitted at IR wavelengths, producing an 
IR emission excess beyond 1.6 fim 1 . 

These MIR criteria have been repeatedly compared with those in the X-rays, ar- 



guably more r e 



( Barmby et al. 



re 


iable 


despite missing a 


li 


gli fraction 





F the 




2006; 


Donlev et al. 




2008 




Eckart et al. 




2010) 



the obscured AGN population 



20101 ). But reliability and com- 



pleteness are highly dependent on the characteristics of the sample, and often difficult, 
if not impossible, to quantify. The combined effect of the survey depth, the wavelength 
coverage and, as a result, sensitivity to different physical processes as a function of redshift 
affect the AGN selection process. For example, the MIR wedge type criteria (S05, L07) 
become increasingly affected by stellar dominated systems beyond z ~ 2.5. If, however, 
one applies these criteria to shallow MIR samples, where high-z star-forming (SF) galaxies 
are unlikely to be detected, then one finds these criteria reasonably reliable. 

e AGN sample , then rely- 



Barmby et al 



d2006|), "no 



But if one's purpose is to obtain a truly complete and reliab 
ing on MIR criteria alone is of course inappropriate. As put by 
proposed MIR colour AGN selection will identify them all". The same can obviously be 
said about the other wavelength regimes: no individual AGN criterion - in any spectral 
regime! - will identify all AGN. Furthermore, no single waveband criteria will be 100% reli- 
able. For example, high-mass X-ray binaries, if abundant in a galaxy, may mimic obscured 



AGN properties due to their hard X - 

10 42-43 



1, L 



x 



ergs 



Colbert et al. 



ray spectra and high X-ray 



2004; 



Alexander et al. 



having compact optical profiles, extremely blue colours (IKewley et al. 



luminosities (r=0.5- 



2Q0 5T); Wolf-R ayet galaxies 



20011 ). high ioniza- 



tion emission lines (NV, SilV, and CIV stellar wind features) and broad emission features 



1 Blueward of this wavelength, the contribution of AGN emission through this reprocessed light mech- 
anism diminishes significantly due to dust sublimation. 
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(~ 2 000 km s" 1 ; 



Beals . 



1929 



Schulte-Ladbeck et al. 



1995 



Herald et al. 



2000 



Crowther 



20071 ) may be misclassified as having an AGN dominated optical spectral energy distribu- 



tion (SED); and, finall y, extremely obscured starbursts at hi 



i-z can mimic AGN charac- 



teristic IR red colours ( Donley et al. 



2008 



Narayanan et al. 



20101 ). 



A high completeness (the fraction of the true AGN host population selected by a given 
criterion) and reliability (fraction of correct AGN classifications within the selected sample) 
can only be attained by combining different wavelength criteria, thus sampling different 
physical c onditions and p r ocess es indicative of the existence of an AGN. Following this 



reasoning, 



Richards et al. 



( 120091 ) investigated a 6 to 8 dimensional criterion based in the 
optical and MIR regimes to present a sample of > 5000 AGN candidates using wide, 
deep fields. While this method (gradually impro ved as one adds X-r ays, radio or even 



201 if ) will likely provide 



morphological information) and that of SED fitting ( IWalcher et al. 
the best results, the intrinsic degree of complexity and the difficulty to apply in anything 
but the most intensively observed fields on the sky make the simpler IR colour-colour 
criteria stand out. Considering the high redshift Universe, for example, where sources will 
be difficult to detect at most wavelengths, one would aim to develop the most reliable and 
complete criterion possible that solely requires the use of a single observational facility and 
the minimum number of observations. 

With the approaching launch of the James Webb Space Telescope (JWST), optimised to 
near and MIR wavelengths (1 — 25 jttm) and with a particular emphasis on the high- redshift 
Universe, it is fundamental to investigate AGN selection criteria that can be directly applied 
to the resulting deep surveys. In this work we will present several near-to-mid-infrared 
JWST-suited colour criteria aiming to select a variety of AGN populations. Resulting from 
the use of a large set of observed and theoretical SEDs, these colour criteria are defined and 
tested against several control samples (selected from X-rays to radio frequencies) existing 
in deep galaxy surveys covered by Spitzer. Reliability and completeness are estimated for 
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the proposed criteria and compared to those of existing MIR AGN diagnostics. 

In Section l3~2l the different possibilities for the mechanisms behind the IR emission are 
discussed and the new criteria are presented. A test bench will be explored in Section 13.41 
using the above-referenced broad set of control samples. We discuss the sensitivity of IR 
colour-colour criteria toward specific types of AGN and the conceptual improvements of the 
new proposed IR AGN diagnostics in Section 13.51 The implications to JWST surveys will 
be highlighted in Section [3T6| followed by the final conclusions of this work in Section [3771 



3.2 Distinguishing AGN from Stellar/SF IR contribu- 
tions 

The SEDs of stellar/ SF dominated systems have some distinctive characteristics, allowing 
the separation of this population from AGN host galaxies through IR colours alone. Fig- 



ure 13.11 il 



ustrates a few examp les using galaxy templates taken from the SWIRE Template 



Library (jPolletta et al. 



20071 ) . In stellar and/or SF dominated SEDs, henceforth referred 
to as normal galaxy SEDs, the overall blackbody emission from the stellar population, 
caused by the minimum in the opacity of the H~ ion, produces an emission peak at 1.6 /xm, 
which clearly stands out, as does the CO absorption at 2.35-2.5 /mi from red supergiants. 
Furthermore, the strength of the Polycyclic Aromatic Hydrocarbons (PAH) features, seen 
mostly beyond 6 /im, increases with star formation activity. It is in this spectral region 
(1-6 /jm) that the difference between normal galaxies and AGN dominated SEDs is the 
greatest. The existence of an AGN is frequently accompanied by a rising power-law con- 
tinuum (f u oc u a ) redward of ~1 /im, as a result of reprocessed X-ray, UV, and optical 



light emitted in the IV 


IR bv the hot ( 


ust surrounding the 


(Sanders et al.. 


1989; 


Sanders. 


1999; 


Pier & Krolik. 


1992) 



This feature is unique for AGN hosts and is revealed in IRAC colour-colour spaces 
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Figure 3.1: Four exa mples of galaxy templates taken from the SWIRE Template Library 
(jPolletta et all 120071 ) and flux normalised to 1.6/im: SO (early type galaxy, red dotted line), 
M82 (starburst galaxy, blue line), IRAS 19254-7245 (a hybrid source, magenta dashed line), 
and type-1 QSO (AGN, black dot-dashed line). The shaded regions show what rest-frame 
wavelength the K, IRAC, and MIPS 24/xm filters will be observing depending on the 
redshift. 
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( Lacv et al.l.l2004tlStern et al. 



f Alonso-Herrero et 



al. 



exces s diagnostics ( jPaddi et al. 



2006 



20051: lHatziminaog 



Polletta et al 



2007 



2006 



Dey et al. 



ou et all 12005 ) 



Don 



2008 



ev et al. 



by p ower-law techniques 



Fiore et al. 



2007 |) or by IR emission 



2008 



Polletta et al. 



20081 ). The latter are particularly sensitive to the reddest, most obscured types. In these 
cases, the AGN MIR emission is even more obvious when compared to a severely obscured 
UV-Optical emission. Each of these criteria has its own advantages and problems. While 
colour-colour wedges tend to select more complete AGN samples, the power-law and IR- 
excess (IRxs) techni ques have a higher reliability in the selection of specific AGN types 



( iDonley et al. 



20081 ) . However, as one probes more d i stant galaxy sample s, the identifica- 



tion becomes more complicated ( iBarmbv et al. 



2006 



Donlev et al. 



20081 ). 



In the following sections, having the wide near-to-mid IR range of JWST in mind, 
A-band-to-IRAC (KI) and A'-band-to-IRAC/MIPS (KIM) colour-colour spaces will be 
explored as diagnostics for AGN identification at low and high redshifts. These are further 
tested against other AGN diagnostics, making use of a wide set of galaxy model SEDs, 
and a broad variety of control samples. 



3.2.1 The template set 

The templates used throughout this paper come from published work as follows: 10 tem- 
plate s covering early to lat e galaxy types, three starburst s, six hybrids 2 , and seven AGN, all 



from 



Polletta et al. 



(120071 ): nine starburst UL 



burst and 18 hybri d SED s from 



from 



Afonso et al. 



Salvato et al. 



RGs from 



Rieke et al. 



(120091 ): one blue star- 



(120091 ): and one extremely obscured hybrid 



(120011 ) . Except for early type and blue starburst model templates, all 
SEDs are derived from mixed model and observational information. The latter either comes 
from broad band photometry, SDSS optical spectra, Infrared S pace Observatory (IS O) 5- 



12 /iin or Spitzer-IKS 5-36 fim spectra. The hybrid SEDs from 



Salvato et al. 



(120091 ) were 



2 By hybrids we refer to SEDs simultaneously showing stellar/SF and AGN emission. 
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obtained by the combination of stellar /SF dominated SEDs with AGN dominated SEDs: 
IRAS 22491-1808 SED with that characteristic of a QSO type-1 obje ct, and an SO t e mplat e 



Polletta et al. 



20071 ). 



with one characteristic of a QSO type-2 object (all four SEDs from 

With such a varied template library, the galaxy colour- z space is expected to be ade- 
quately sampled. High redshift extreme examples are considered (such as the Torus tem- 
plate used to fi t the h eavily obscured type-2 QSO at z = 2.54, SWIRE_J104409.95+585224.8, 



Polletta et al. 



20061 ) and hybrid templates, s hown to be e f ficient 



Salvato et al 



2009 



up t o high redshifts 



20111 ). are also taken 



(z < 5.5) and down to faint fluxes (i < 24.5 
into account. It is worth noting nevertheless that even local templates are successful in 
fitting some of the most extreme high redshift sources (for instance , the case of Arp220 



as a local analogue o f HR10, an extremely red galaxy at z — 1.44, 



and 



Elbaz et al. 



galaxies, 



2002 



Pope et al 



Hu &: Ridgway 



1994 



or M 82 as an analogue for star-formation dominated sub-millimetre 



2008|). 



The SED templates are organised in four groups: (a) Early to Late-type galaxies, 
(b) Starbursts, (c) Hybrids, and (d) AGN. The following investigation will focus on how 
these groups populate near-to-mid IR colour-colour diagnostic plots, aiming to separate 
the AGN/Hybrid population, (c) and (d) above, from that for normal galaxies, i.e., (a) 
and (b). 



3.3 The new approach 

3.3.1 An enhanced wedge diagram: the KI criterion 

In Figures 13.21 and 13.31 the colour tracks (spanning the range < z < 7) for the template 
SEDs considered are presented on the L07 and S05 criteria colour-colour spaces, respec- 
tively. In both, the nominal AGN regions encompass most of the AGN and hybrid tracks 
for a large range of redshifts, as they were built to do. We note, however, that the use of a 
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very diverse SED template set already shows some shortcomings of these diagnostic plots. 
In both Figures, the two upper panels (early/late and starburst galaxies) show a significant 
contamination of the nominal AGN region by normal galaxies (i.e., non-AGN) not only at 
high redshifts (z > 2 — 3) but also much clo ser [z < 1), as already noted by previous studies 



rtBarmbv et al. 



2006 



Donlev et al. 



20081 ). The fact that some hybrid templates fall, at 
some point, out of the selection regions is expected as the SF or AGN emission contribute 
differently to the observed bands at different redshifts. Again we point out that colour- 
colour criteria will only successfully identify AGN whose emission do minates in at least 



some of the observed band s , which won't be the case for many AGN (jRigopoulou et al. 



1999 



Maiolino et al. 



2003 



Treister et al. 



20061 ) . Cool dwarf stars may fall close to the 



boundaries or inside the selecting regions, thus being also potential (point-like) contami- 
nants. 

In order to enhance these wedge diagrams, one can extend the wavelength coverage to 
shorter wavebands, out of the IRAC range. This is obviously outside the IRAC framework 
behind the original definition of such wedge diagrams, but suits the larger JWST wave- 
length coverage. By considering shorter wavelengths, one is of course probing a spectral 
region mostly dominated by stellar emission (see Figure |3~TT) . Such a scenario is an ad- 
vantage as we now compare a stellar dominated wave-band with one that has contribution 
either from stellar or AGN light. Such a comparison will yield a useful colour dispersion 
ideal for the separation of the two types of system. 

A particularly relevant combination of colours is K — [4.5] versus [4.5]-[8.0] (Figure l3~4"|) . 
This, henceforth called the KI (K+IRAC) criterion, is defined by the following simple 
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Figure 3.2: Model colour tracks displayed in the L07 criterion colour-colour space. Dashed 
blue line refers to the boundaries proposed in that work for the selection of AGN. Each 
panel presents a specific group: (a) Early/Late, (b) starburst, (c) Hybrid and (d) AGN. 
The dotted lines refer to the < z < 1 redshift range, and solid line to 1 < z < 7. 



Red circles along the lines mark z = 2.5. Dwarf stars (IPatten et all 120061 ) are shown 
for reference. M-dwarfs appear as open cyan squares, L-dwarfs as open green circles, and 
T-dwarfs as open magenta triangles to show where these red point-like cool stars appear. 
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Figure 3.3: Model colour tracks displayed in the S05 criterion colour-colour space. Symbols 
and panel definition as in Figure 13.21 
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conditions (A denotes the "AND" condition): 

K s - [4.5] > 

A 

[4.5] - [8.0] > 

Comparing with the L07 and S05 criteria, the contamination by normal galaxies at 
z > 2.5 seems similar. However, the contamination by normal galaxies at z < 2.5 ap- 
pears significantly reduced (higher reliability), with no effect on the ability to select AGN 
(completeness). Another conceptual improvement of KI, adding to the simplicity of its 
definition, is the unbounded upper right AGN region. This avoids the loss of heavily ob- 
scured AGN (with extremely red colours). This is in opposition to what is seen in S05, 
for example, where the Torus template moves out from the selecting region at the highest 
redshifts [z > 4). 

One can also note the usefulness of the simple K — [4.5] colour in excluding low redshift 
normal galaxies: the condition K — [4.5] > is able to reject a large fraction of the z < 1 
non-AGN galaxies. Such a property also makes this simple colour-cut of great use to the 
study of AGN and star-formation co-evolution in the last half of the history of the universe. 

It should be noted that not all the templates considered take into account prominent 
emission lines. These may affect the photometry and produce some degree of scatter in 
the colour-colour tracks. This is visib 



and BQSOl templates ( iPolletta et al. 



e in F igure 13.51 where updated versions of the QSOl 



20071 1 were considered, now with both Ha and OIII 
lines included (visible in the unchanged TQSOl template). Although in specific redshift 
intervals (when a certain emission line is redshifted into a given filter), AGN sources with 
smaller AGN contribution in the IR (like BQSOl) fall out of the AGN region of the KI 
criterion, the bulk of the AGN population is expected to remain inside the KI boundaries 
nonetheless. Also, the presence of emission lines in starburst SEDs (e.g., Ha, Paa) will 
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Figure 3.4: The proposed KI criterion. Symbols and panel definition as in Figure I3~2"l 
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Figure 3.5: The effects of considering promine nt lines in type - 1 QSO SED models. The left 
panel shows three such SEDs originally from Polletta et al. ( 20071 ): two updated versions 
of QSOl (dashed blue line, now with an Ha line) and BQSOl (red dotted, now with both 
Ha and OIII lines), and the unchanged TQSOl (solid black). On the right panel the 
original SED model tracks are shown as solid lines (from top to bottom: TQSOl, QSOl, 
and BQSOl), whereas the inclusion of strong emission lines produces the deviations given 
by the dotted segments. Circles and triangles show z = 1 and z — 3, respectively. The 
tracks extend from z = to z = 7. 



improve the results by producing colours that will place a given starburst further away 
from the AGN region. This reasoning equally applies to S05 and L07, although the effect 
on the latter is expected to be smaller due to its larger selection region. 



3.3.2 Extending to high redshifts: the KIM criterion 

One serious problem is the contamination by normal galaxies at high redshifts {z > 2.5). 
All three criteria (L07, S05, and KI) fail to disentangle AGN dominated systems from 
normal galaxies at those redshifts. To avoid this problem, the longer MIR wavelength 
range to be available in the JWST (> 20 /im) will be considered. For this purpose, we 
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extend the criterion to the MIPS-24 jim band. 

The use of this waveband for AGN selection has always been peculiar. Given the 



eracy between AGN a n d non-AGN when explor i ng IR AC-MIPS colours (ILacy et al. 



degen- 



Hatziminaoglou et al. 



2005 



Cardamone et al. 



2004 ; 



20081 ). other authors have tended to use 



the MIPS-24 [im band for unique, extreme o bjects (like the IRx s techniques) or in single 



unconventional situations. For instance, while 



Garn et al 



(120 10[ ) use [8.01424 1 against [5.8]- 



[ 8.0] f or a z ~ 0.8 sample to ide ntify those sources showing AGN activity, 



Treister et al 



(J2006D and 



Messias et al. 



(120 1 Of ) use a single [8.0)424] colour cut at, respectively, z ~ 2 
and z > 2.5 for the same purpose 3 . Colours involving the 24 /xm band are usually avoided 
due to the large wavelength gap between this band and other commonly available MIR 
bands (usually the Spitzer-IRAC bands). At high- z (e.g., z ~ 3), however, the sampled 
rest-frame wavebands (2 and 6 /im corresponding to observed 8 and 24 /im, respectively) 
are not much more separated than the 3.6 and 8.0/xm IRAC bands for nearby galaxies. A 
different issue is the lower sensitivity and larger point spread function of the MIPS 24 /im 
images, compared with those for the IRAC channels, which affects the accuracy of colour 
measurements using this longer wavelength band. 

Furthermore, normal galaxies show a wide [8.0]-[24] colour range (as a result of differ- 
ent PAH and dust emission between galaxies), which is further increased by redshift (in a 
normal galaxy, while at \ow-z the 8.0 /im filter is dominated by PAH emission, at higher 
redshifts only dust and stellar continua emission contribute to this band). This results 



in a considerable colour overlap with AG] N 



arate both populations ( ILacy et al 



20041 : 



s, limiting this single co lour usefulness to sep 



Cardamone et al. 



20081 ) . Nonetheless, adding 



a shorter wavelength MIR colour helps to break this degeneracy. Figure 13.61 illustrates a 
proposed colour-colour separation diagnostic efficient at high redshifts. One can see that 
beyond z ~ 1, AGN (lower panels) and normal galaxies (upper panels) occupy essentially 



fovison et all \2004 ) and lPope etaU (|2008h also address [8.0]-[24] against [4.5]-[8.0] to distinguish AGN 
from normal galaxies, but, in those works, only the [4.5]-[8.0] colour is effectively used for that purpose. 
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different regions in the [8.0]-[24] versus [4.5]-[8.0] space. This is of great interest for the 
characterisation of high re dshift galaxy populations, such as Lyman Break G alaxies (LBGs) 



and equivalents at z > 2 ( jSteidel et al. 



2003 



2004 ; 



Adelberger et al. 



20041 ). 



Furthermore, normal galaxies show a wide [8.0] -[24] colour range, which is further in- 
creased by redshift. This results in a considerable col our overlap with AGNs, limiting this 



single colour usefulness to separate both populations (ILacy et al 



2004 ; 



Cardamone et al 



20081 ). Nonetheless, adding a shorter wavelength MIR colour helps to break this degen- 



eracy. Figure 13.61 illustrates a proposed colour-colour separation diagnostic efficient at 
high redshifts. One can see that beyond z ~ 1, AGN (lower panels) and normal galaxies 
(upper panels) occupy essentially different regions in the [8.0]-[24] versus [4.5]-[8.0] space. 
This is of great interest for the characterisation of high redshif t galaxy popu l ations, such 



as Lyman Break Galax ies (LBGs) and equivalents at z > 2 ( jSteidel et al 



Adelberger et al 



200J). 



2003 



2004 : 



However, at low redshifts a high degree of degeneracy exists, with AGN and normal 
galaxies occupying the same colour-colour region. A rejection of low-redshift {z < 1) 
normal/star forming galaxies would, however, remove this overlap, allowing for a powerful 
AGN-selection criteria to be built. This can be achieved, as noted in the previous section, 
by using the K — [4.5] > colour cut, which will allow for the rejection of a large fraction 
of the z < 1 non-AGN galaxies, with AGN and hybrid galaxies in this redshift range 
remaining mostly unaffected. 

Under these conditions (either at z > 1 or having excluded z < 1 normal galaxies by 
applying a criterion such as K — [4.5] > 0), one is then able to define four regions in the 
IRAC-MIPS (IM) colour-colour space as shown in Figures 13.61 and 13.71 AGN dominated, 
miscellaneous (where both pure starburst and hybrid systems with a reasonable AGN 
contribution appear), normal galaxies and, finally, a region occupied by non-AGN sources 
at higher redshifts (z > 3 — 4). The boundaries of each of these regions are set by the 
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[4.5]-[8.0] (AB) 



Figure 3.6: The IRAC-MIPS colour-colour space and the proposed criterion. Symbols and 
panel definition as in Figure 13.21 The thin dashed blue line refers to a simpler criterion 
valid at z > 3, as detailed in the text. 



117 



Chapter 3. Selecting < z < 7 AGN 



following conditions (V and A denote the "OR" and "AND" conditions, respectively): 

(i) AGN : 

[8.0] - [24] > -3.3 x ([4.5] - [8.0]) + 2.5 A 
[8.0] - [24] > 0.5 

(ii) Miscellaneous : 
( [8.0] - [24] > 1 V 

[8.0] - [24] > -2.8 x ([4.5] - [8.0]) + 0.4 ) A 
[8.0] - [24] < -3.3 x ([4.5] - [8.0]) + 2.5 A 
[8.0] - [24] > 7.5 x ([4.5] - [8.0]) - 4 

(iii) Normal : 
[8.0] - [24] < 1 A 

[8.0] - [24] < -2.8 x ([4.5] - [8.0]) + 0.4 A 
[8.0] - [24] > 7.5 x ([4.5] - [8.0]) - 4 

(iv) High— z : 
[8.0] - [24] < 0.5 A 

[8.0] - [24] < 7.5 x ([4.5] - [8.0]) - 4 



These IM conditions, when considered together with the K — [4.5] > cut, which 
implements the rejection of z < 1 normal galaxies, define what we will henceforth call the 
KIM (KAIRAC+MIPS) criterion. 

We further note from Figure [3T61 that for z > 3, essentially all SEDs with [8.0] — [24] > 



1 are dominated by AGN emission. Figure 13.81 details this behaviour, clearly showing 
that stellar d o minat ed galaxies at z > 3 show [8.0] — [24] < 1 colours, as described by 



Messias et al. 



feoioh . 



Test bench 



118 



4 - 



t — i — i — i — | — i — i — i — i — | — i — i — i — i — | — i — i — r 




AGN 




MISC. 



C\2 




q 

CO 



i o - 



.NORMAL 



HIGH-z 



-2 - 



-1 





[4.5]-[8.0] (AB) 



Figure 3.7: The IRAC-MIPS colour-colour space and the proposed IM criterion regions. 



In the previous section we proposed: K— [4.5] as an useful colour for the efficient segregation 
of the galaxy population into AGN-dominated and normal SEDs at z < 1; the KI criterion 
as an alternative to L07 and S05; and KIM (a 4 band, 3 colour criterion), as a diagnostic 
which, according to the colour tracks of the templates used, enables the selection of AGN 
sources at < z < 7 with little contamination by normal galaxies. This is of great interest 
as it enables the tracking of AGN activity since the epoch of reionization to the current time. 
The usefulness of these criteria can only be evaluated, however, by pursuing a test with well 
characterised control samples. By using different galaxy samples, and considering other 
available AGN criteria, based on distinct spectral regimes, we can obtain some estimate 
of the reliability and completeness of the new proposed diagnostics in comparison with 
commonly used ones. Again, one must keep in mind that any AGN criteria will be complete 
and reliable only at some level, so caution must be exercised when comparing the results. 



3.4 Test bench 




Figure 3.8: The [8.0] — [24] colour evolution with redshift. Panel definition as in Figure I3~2"l 
The horizontal line shows [8.0] — [24] = 1, while the vertical one indicates z = 3. At z > 3, 
only AGN dominated galaxies show [8.0] — [24] > 1 colours. 
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We will perform these tests with five control samples. Firstly, we use a sample of galaxies 



from the Great Observatories Origin Deep Survey South (G OODSs, 



Giava 



Scoville et al. 



isco 



et al. 



200J) 



20071 ). both with 



and another from the Cosmic Evolution Survey (COSMOS, 
available AGN/non-AGN classification from X-rays and/or optical spectroscopy. Secondly, 
we assemble samples of IRxs sources found in G OODSs and COSMOS fields. The QSO 



sample from the Sloan Digital Sky Survey (SDSS, 



Schneider et al 



2010)), reaching z ~ 6, 



is also consider e d for the testing, as well as the High-z Radio Galaxy (HzRG) sample from 



Seymour et al. 



(120071 ) . The first two samples allow for an indication of the completeness 
and reliability of the IR AGN selection criteria, while the AGN samples (IRxs sources, 
SDSS QSOs and HzRGs) will allow for independent measures of their completeness up to 
the highest redshifts, with the caveat that the AGN samples are, themselves, incomplete. 

In the following subsections, Completeness (C) is defined as the fraction of the AGN 
population that a given IR criterion is able to select (AGN sel/ AGN tot), while Reliability 
(1Z) refers to the fraction of the IR sources selected by a given criterion which are part 
of the "true" AGN population (AGN S el/N S el, where N SE l = AGN SE l + non - AGN SE l)- 
We again stress that the true AGN population is unknown, and we are always limited to 
a fraction of it as unveiled by other selection methods, which can themselves be more or 
less biased. 



3.4.1 The GOODSs and COSMOS samples 

The ideal sample to test the MIR-AGN selection criteria would be a sample of galaxies 
with complete AGN/non-AGN characterisation for all of its members. Such a thorough 
characterisation is at this stage impossible, this being precisely one of the reasons for the 
development of MIR AGN-selection criteria. As such, one can only aim to assemble a 
sample of galaxies where both AGN and non- AGN populations are represented, and keep 
in mind that the comparison between the MIR criteria being tested will only be indicative 
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of relative performance. 

For this first test sample, we have selec t ed 22 88 galaxies from MUSIC/ GOODSs cat- 



alogu e ( iGrazian et al. 



2006a ; 



Santini et al. 



20091 ) and 7180 from COSMOS flllbert et al. 



20091 ) with an X-ray classification and/or a good quality 4 optical spectroscopic classifica- 



tion. Whenever a spectroscopic re dshift was not availa ble, the photometric estimates by 



Luo et al. 



(12010 



in GOODSs) and 



Salvato et al. 



(12009 



in C OSMOS) w e re ad opted 



The IR data used for the MUSIC catalogue comes from 



Vandame ( 



inson et al. (i n prep .), anc 



Le Floc'h et al. 



(120091 ). and 



that for the COSMOS comes from 



2002) and Dick- 



Sanders et al 



McCracken et al. 



Chandra Deep Fie 



data in COSMOS (ICappelluti et al 



d South (CDFs, 



Luo et al. 



tion is similar to that of 



2009: 



Szokoly et al. 



(120071 ). 



(120101) . Regarding the X-rays, the 2 Ms 



200 8J) data wa s used, as well as the XMM 



Brusa et al 



20101 ). The X-ray AGN classifica- 



( 120041 ) . There, the X-ray luminosity and hardness- 



ratio (HR) are used to identify the AGN population. The HR is a measure of the source 
obscuration and is defined as HR=(H-S)/(H+S) with H and S being, respectively, the 
net counts in the hard, 2-8 keV, and s oft, 0.5-2 keV, X-r ay b ands. However, thi s ra- 



tio becomes degenerated w ith redshift 



also 



Alexander et al 



2005 



and 



Luo et al 



Ickart et al. 



2006 



and 



Messias et al 



2010 



but 



20101 ) . Hence we compute for each source the 



respective column densities (Nh) using the Portable, Interactive Multi-Mission Simula- 
tor 5 (PIMMS, version 3.9k). The soft-band/full-band (SB/FB) and hard-band/full-band 
(HB/FB) flux ratios 6 were estimated for a range of column densities (20 < log(NH[cm~ 2 ]) < 
25, with steps of log(Nn[cm~ 2 ]) = 0.01), an d redshifts ( < z < 7, with steps of z = 0.01), 



considering a fixed photon index, T = 1.8 (ITozzi et al 



20061 ). The comparison with the 



observed values results in the estimate of Nh, which can then be used to derive an intrinsic 



4 Spectra flagged as (very good) or 1 (good) in the MUSIC catalogue, and with 90% probability in 
the COSMOS catalogue. 

5 http:/ /heasarc. nasa.gov/docs/software/tools/pimms. html 

6 The use of ratios based on FB flux instead of the commonly used SB/HB flux ratios, allows for an 
estimate of Nh when the source is detected in the FB but no detection is achieved in either the SB or HB. 
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X-ray luminosity. The HR constraint used by lSzokoly et al.l (12004T ) (HR = —0.2) is equiva- 
lent to log(NH[cm~ 2 ]) = 22 at z ~ 0, and this is the value considered throughout the whole 
redshift range. Hence, an X-ray AGN is considered to have (V and A denote the "OR" and 
"AND" conditions, respectively): 



L£* > lO^ergs" 1 A N H > 10 22 cm" 



V 



Iif > lO^ergs" 1 



The remaining X-ray detections are hence regarded as non-AGN sources. The intrinsic 
X-ray (0.5-10 keV) luminosities are estimated as: 



= Att dl fif (1 + z) r " 2 erg s" 1 



L L X 



where f^ 1 * is the obscuration-corrected X-ray flux in the 0.5-10 keV band and T is the 
observed photon index (when log(NH[cm -2 ]) < 20) or T = 1.8 (when log(NH[cm~ 2 ]) > 20). 
The luminosity distance, dL is calculated using either the spectroscopic redshif t or, if not 



availa ble, the photometric redshift. The 0.5-8 keV luminosities, derived using 



Luo et al 



(120081 ) catalogued 0.5-8 keV fluxes, were converted to 0.5-10 keV considering the adopted 
r. For simplicity, the luminosity 'int' label is dropped from now on, as we will always be 
referring to intrinsic luminosities, unless stated. 

Regarding the spectroscopic sample, the AGN sources are those which display broad 
line features or narrow emission lines characteristic of AGN (BLAGN or NLAGN). The 
remaining sources with a spectroscopic classification are regarded as part of the non-AGN 
population (e.g., SF galaxies , stars). The NLAGN c lassification comes from MUSIC cata- 



logue in GOODSs, and from 



Bongiorno et al. 



(120101 ) in COSMOS. 
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In both the GOODS and COSMOS final AGN samples, most sources have an X-ray 
AGN classification (82% and 80%, respectively), and a significant fraction also has a spec- 
troscopic AGN classification (21% in GOODS and 55% in COSMOS). 

3.4.1.1 KI/KIM efficiency in GOODSs 

For consistency, we only consider sources with photometry estimates with a flux error 
smaller than a third of the flux value (equivalent to an error in magnitude smaller than 
0.36) in all K S -1KAC bands when testing L07, S05, and KI. This requirement will remove 
many of the fainter objects, but the final sample is still among the deepest ever used to 
test these IR criteria. The magnitude distribution of the sources considered is shown in 
Figure I3T91 Among the 1441 sources composing the final sample, 171 (12%) are classified as 
AGN hosts (141 in X-rays and 38 through spectroscopy). The sample is further separated 
into redshift ranges (0 < z < 1, 1 < z < 2.5, 2.5 < z < 4). The adopted threshold 
of z — 2.5, is the redshift beyond which L07, S05, and KI are believed to be strongly 
contaminated by SF systems as shown in section [3.3.11 This results in 801, 536, and 94 
sources with i^-IRAC photometry at < z < 1, 1 < z < 2.5, and 2.5 < z < 4, respectively. 
When testing KIM we also require reliable 24 /im photometry (see Figure 1331) . However, 
this requirement restricts the sample to the brig htest sources, unavoidably increasing the 



probability of findi ng AGN dominated sources (IBrand et al. 



2006 



Treister et al. 



2006 



Donley et al. 



20081 ) and resulting in an unfair comparison with the remainder criteria (L07, 
S05, and KI). Hence, when comparing KIM to L07, S05, and KI, we consider the sample of 
835 sources (460/325/47 in the respective redshift bins) with reliable i^ s -IRAC-MIPS24 Aim 
photometry, of which 139 (17%) are classified as AGN hosts. 

Tables 13. 1[ I3.2[ and 13.31 summarise the final statistics for the application of each of the 
IR criteria to the GOODSs control sample at different redshift ranges. L07 reaches the 
highest levels of completeness (C) in the full redshift range covered, yet at the expense of 
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Figure 3.9: The distribution in magnitude of the final GOODSs sample with reliable pho- 
tometry in K-IRAC bands (open histogram) and i^-IRAC-MIPS24 /jm (hatched histogram). 
Each panel refers to the magnitude distribution in he following bands: K s (upper left), 
4.5 /im (upper right), 8.0 /im (lower left), and 24 /im (lower right). Note that in the latter 
both histograms coincide. 
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its reliability (11), this is, it selects too many sources as AGN (higher C), L07 boundaries 
include consequently higher fractions of both AGN and non-AGN (lower 1Z) . However, at 
1 < z < 2.5, L07 presents an 1Z value comparable to that of S05. At z < 2.5, both KI and 
KIM present the best 1Z levels. While at z < 1 KI and KIM present similar 1Z to S05, at 
1 < z < 2.5, KI and KIM reach an impressive level of improvement over L07 and S05. 

At high-z (2.5 < z < 4), the fraction of identified AGN hosts is already high (40%, 
increasing to 70% when restricting to the MIPS24 Atm detected sample). All but one object 
in the sample fall inside the L07 region, while S05 and KI show yet again higher reliability. 
Note, however, that KI is signi ficantly more c o mplet e than S05. This incompleteness 



was shown for high-z QSOs by 



Richards et al. 



( 120091 ) . who consequently extended S05 



boundaries to bluer [5.8]-[8.0] colours. The result is the same when restricting to the 
MIPS24 Atm detected sources, where KIM presents equal efficiencies as S05. This is easily 
explained with the necessary constraints applied to the sample. By requiring reliable 
detections in the full i^ s -IRAC(-MIPS24^ m ) range, the sample is consequently restricted to 
the most luminous objects, which at the highest redshifts tend to be AGN hosts. Hence, 
with the current sample, no conclusion can be drawn on the efficiency of these IR criteria 
at such high redshifts. 

Figure 13.101 details the application to GOODSs data of KI (upper panels) and KIM 
(lower panels). For this exercise, we have required reliable photometry in the bands needed 
for KI (upper panels) or KIM (lower panels). In KIM panels, the boundaries for each of 
the regions defined in Section 13.3.21 are shown. One of the main results from the KIM 
panels is the extremely low number of sources in the high-z region (lower right-hand side 
of the diagram). This can be seen as a result of the limiting flux at both X-rays and 
spectroscopic observations, as a detection is required to have enough S/N for a proper 
classification with either indicator. Under such requirements, high redshift sources are, 
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Table 3.1: GOODSs X-ray and Spectroscopic < z < 1 control sample test. 



Sample 


Criterion 


N S EL a 


AGN 6 


C c 


TZ d 






oui 


47 




((\\ 


K+IRAC 


L07 


105 


22 


47 


21 




S05 


26 


12 


26 


16 




KI 


21 


12 


26 


50 




[none] e 


460 


42 




(9) 


K+IRAC+ 


L07 


76 


19 


45 


25 


MIPS 24Mm 


S05 


20 


11 


26 


55 




KI 


17 


10 


21 


59 




KIM 


15 


8 


19 


53 



Note. — This table is restricted to the < z < 1 GOODSs sample. While in the upper set of 
rows it is required reliable photometry — a magnitude error below 0.36 — in AT+IRAC 
bands, in the lower set of rows we also require reliable 24 /im photometry. 

a Number of sources selected by a given criterion with a AGN/non-AGN classification 
from X-rays and/or spectroscopy. 

b Number of selected sources with an AGN classification, from either the X-rays or optical 
spectroscopy. 

c Completeness calculated as AGNsel/AGNtot- 

d Reliability calculated as AGNsel/Nsel- 

e The first row in each group refers to the total number of sources with reliable i^T+IRAC 
(upper group) and if +IRAC+24 /im (bottom group) photometry. For reference, the 
value in parenthesis in 1Z column gives the overall fraction of identified AGN hosts, 
equivalent to the 1Z of a criterion selecting all sources with reliable photometry in the 
considered bands. 
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Table 3.2: GOODSs X-ray and Spectroscopic 1 < 
z < 2.5 control sample test. 



Sample 


Criterion 


N S EL 


AGN 


C 


K 




[none] 


536 


80 




(15) 


K+IRAC 


L07 


171 


50 


63 


29 




S05 


104 


28 


35 


27 




KI 


60 


32 


40 


53 




[none] 


325 


61 




(19) 


K+IRAC+ 


L07 


111 


39 


64 


35 


MIPS 24Mm 


S05 


70 


25 


41 


36 




KI 


40 


26 


43 


65 




KIM 


37 


23 


38 


62 



Note. This table is restricted to the 1 < z < 2.5 GOODSs 
sample. Table structure and columns definitions as 
in Table O 



Test bench 



128 



Table 3.3: GOODSs X-ray and Spectroscopic 2.5 < 
z < 4 control sample test. 



Sample 


Criterion 


N S EL 


AGN 


C 


K 




[none] 


94 


40 




(43) 


K+lKkC 


L07 


93 


40 


100 


43 




S05 


54 


29 


73 


54 




KI 


73 


36 


90 


49 




[none] 


47 


33 




(70) 


K+IRAC+ 


L07 


47 


33 


100 


70 


MIPS 24Mm 


S05 


32 


24 


73 


75 




KI 


41 


30 


91 


73 




KIM 


33 


24 


73 


73 



Note. This table is restricted to the 2.5 < z < 4 GOODSs 
sample. Table structure and columns definitions as 
in Table O 
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with the current existing data, likely AGN hosts, thus falling in the AGN region 7 . Also, 
the KIM-normal region is worthy of note. The galaxies that appear here are expected 
to be, as seen in Figure 13.6} either early-to-late type, blue dust-free starbursts or hybrid 
sources at high redshift (due to the K — [4.5] > cut), with the IR colours becoming 
redder with AGN strength. The bluest [8.0]-[24] AGN source at high-z in this region, with 
an X-ray AGN cl assification and a fai nt optical SED (BViz > 26-27), has z p hot = 2.54. 



Already noted by 



Messias et al 



(120101 ). it seems to be a very interesting source as its IR 
colours are compatible with a spiral Sa-Sc galaxy or, if an AGN is contributing to the 
IR, a galaxy of an earlier type (see Figure 13. 6p . In either case, its optical flux and blue 
[8-0|-[24| colour hint to one of the most distant known objects of such evolved nature (e.g., 



Stockton et al 



2008 



van der Wei et al. 



20111 ). A proper discussion on this source and a 



whole sample of similar objects is differed to a future work (Messias et al., in preparation, 
but see Sections 12.3.3.21 and 15. 3p . where the disc-like nature is confirmed. The numbers of 
GOODSs sources falling in each region of the KIM criterion (Section l3.3.2p are summarised 
in Table 13.41 

3.4.1.2 KI/KIM efficiency in COSMOS 

The same comparison is now performed for COSMOS. No redshift segregation is applied 
as there is no classified SF system at z > 1.6 in this COSMOS sample. Among the 7180 
sources with either a spectral or X-ray classification and adequate i^-IRAC photometry, 
1404 are flagged as AGN hosts. There are 2643 sources with MIPS 24Mm detection (844 AGN 
hosts). Table |3~51 reports the final statistics on the application of the various considered 
diagnostics. Having 84% of this COSMOS sample at z < 1, the statistics of this sample 
will be dominated by those of the z < 1 population. Hence, it is fair to compare with the 
GOODSs sample at < z < 1 (Tables T3.5I and l3.ip . Both imply the same conclusions, 



7 The only source found in the high-z region is a type-2 QSO (log(Lx[ergs *]) > 44) and indeed shows 
a redshift estimate of z p hot = 3.1. 
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Figure 3.10: The MUSIC sources on KI (upper panels) and KIM (lower panels) colour- 
colour spaces, divided into low- 2 (z < 2.5, left panels) and high-z (2.5 < z < 4, right 
panels) groups. Squares represent AGN hosts, while dots highlight non-AGN sources. The 
dashed lines in the upper panels refer to the KI criterion, while the dashed lines in the 
lower panels refer to the adopted region boundaries from Figure 13.61 All sources displayed 
in the lower panels have K — [4.5] > as required by the KIM criterion. 
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Table 3.4: KIM classification of GOODSs sample. 



Region 




AGN 


Total 


387 


109 


KIM-AGN 


90 


58 


KIM-Misc 


270 


43 


KIM-Normal 


26 


7 


KIM-High-z 


1 


1 



a Number of sources with good photometry in all relevant bands 
(K s , 4.5 fj,m, 8.0 /im, and 24 fim), pre-selected with K s — [4.5] > 0, 
and with a AGN/non-AGN X-ray or spectroscopic classification. 

where the relative performances between each of the criteria agree between the two samples. 
L07 is the most complete, yet the least reliable. S05 and KI provide comparable C and 
1Z. KIM is slightly less complete, presenting, however, comparable 1Z levels to S05 and KI. 
Together with the results from Table 13.11 this likely means that many AGN dominating 
the SED at < 8 fim do not significantly dominate the IR regime at 12-24/zm at least up to 
z ~ 1. Table |3"1j1 summarises the results from the application of each of the KIM criteria 
(Section [322]) to COSMOS sample. 

It is difficult to directly compare in absolute value the results achieved with the GOODSs 
and COSMOS samples, since many survey characteristics differ between the two. As an 
example, by applying the COSMOS (IR and X-rays) flux limits to the GOODSs sample, 
the C and TZ values are closer to those of COSMOS. Other issues may contribute to this, 
such as (a) different photometry extraction methods (ConvPhot in GOODSs and aperture 
photometry in COSMOS), (b) different spectral coverage depth and procedures for spectral 
classification, (c) the different photon indices used for the GOODSs and COSMOS samples 
to convert from count rates to X-ray fluxes, (d) difference in relative sensitivity between 
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Table 3.5: COSMOS X-ray and Spectroscopic con- 
trol sample test. 



Sample 


Criterion 


N S EL 


AGN 


C 


K 




[nonel 

L J 


7180 


1404 




(20) 


K+IRAC 


L07 


2032 


1108 


79 


55 




S05 


1101 


919 


65 


83 




KI 


965 


879 


63 


91 




[none] 


2643 


844 




(32) 


K+IRAC 


L07 


1089 


730 


86 


67 


MIPS 24Mm 


S05 


700 


630 


75 


90 




KI 


644 


590 


70 


92 




KIM 


529 


485 


57 


92 



Note. Table structure and columns definitions as in 

Table 13.11 No redshift range is adopted as there is 
no classified SF systems at z > 1.6 in the 
COSMOS sample. 

Table 3.6: KIM classification of COSMOS sample. 



Region 




AGN 


Total 


838 


648 


KIM-AGN 


529 


485 


KIM-Misc 


304 


158 


KIM-Normal 


1 


1 


KIM-High-^ 


4 


4 



a Table structure and columns definitions as in Table 13.41 
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soft and hard bands of Chandra Space Telescope (Chandra, in GOODSs) and XMM- Newton 
(in COSMOS), and (e) cosmic variance. We again stress, however, that relative efficiency 
between the criteria is the same in the two samples. 



3.4.2 IR-excess sources 



Also known as IR bright galaxies (IRBGs), IRxs sources are believed to be part of an 
extreme IR population, the compton-thick (type-2) AGN, frequently missed by optical/X- 
ray surveys. The selection criteria vary in the literature, but it is acc epted that al l 



IRxs diagnostics are 



2008 



Treister et al. 



quite reliable in selecting this type of source (> 80%; 



2009a 



Donley et al. 



Donley et al. 



20101 ) . The diagnostics considered below rely on 



optical-to-IR colour cuts, more specifically, R — K and R— [24]. However, i?-band photom- 
etry is not available in the MUSIC catalogue. We thus convert those colours to equivalent 
ones using z-band (i — K and i — [24]) co nsidering a power-law spectrum (f v oc v a ). We 



highlight three criteria. 



Dey et al. 



(2008 



, D08) select sour ces with S^/Sr > 1000 and 



S 2 4 > 300 fiJy (equivalent to % - [24] > 7 and [24] < 17.5), 



Fiore et al. 



(12008 



F08) with 



Sm/Sr > 1000 and (R - K) yEGA > 4.5 (i - [24] > 7 and i — K > 2.5 8 ), allowing a fainter 



Finally, we a 



Polletta et al 



so co nsider the brightest S 2 i/ Sr > 1000 



2008 



, P08), 5 2 4 > lmJy (corresponding 



flux cut at S 2i > ([24] < 20) 

sources by adopting the flux cut of 
to [24] < 16.5). 

These criteria were applied to the MUSIC and COSMOS catalogues and Table 13.71 
details the numbers of the selected sources by each of the IR colour criteria. Similar 
results are achieved in both GOODSs and COSMOS fields: S05 is the criterion selecting 
fewer IRxs sources, and KIM is always more complete than both KI and S05. KIM is even 
more complete than L07 when selecting the brightest IRxs sources (P08), emphasising its 



8 It s hould be noted , howe ver, that a J — K colour is likely more efficient than i — K in selecting AGN 
sources ( Messias et al. . 201ClL and Section P2.4.2|) . 
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Table 3.7: Selection of IRxs sources. 



Region F08 D08 P08 



GOODSs 





77 


10 


1 


L07 


72 (94%) 


9 (90%) 


1 (100%) 


S05 


29 (38%) 


5 (50%) 


1 (100%) 


KI 


40 (52%) 


7 (70%) 


1 (100%) 


KIM 


41 (53%) 


8 (80%) 


1 (100%) 



COSMOS 
991 256 51 

L07 909 (92%) 244 (95%) 47 (92%) 

S05 381 (38%) 137 (54%) 39 (76%) 

KI 493 (50%) 179 (70%) 46 (90%) 

KIM 618 (62%) 212 (83%) 50 (98%) 



Note. — The numbers in parenthesis give the 
equivalent fractions. 



great potential. 



3.4.3 SDSS QSOs 



QSOs present in the S l oan D igital Sky Survey Quasar Catalogue Data Release 7 (SDSS- 



DR7, 



Schneider et al. 



20101 ) were cross-matched (2" radius) with the Spitzer IR cat- 



alogues from the COSMOS (S-COSMOS), Lockman Hole, ELAIS-N1, and ELAIS-N2 
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(SWIRE, 



Lonsdale et al. 



2003h fields using GATOR 9 at IRSA-NASA/IPAC. The final 
number of sources is 2 93. i^-band photometry comes from 2MASS ( for 21% of the sample, 



Skrutskie et al 



( Ilbert et al. 



2009 



20061 ). UKIDSS-DXS DR8 10 ([Lawrence et al. 



20071 . 29%), and COSMOS 



23%). Overall, there are 186 QSOs with reliable photometry in all 
IRAC channels. Of which, 140 have also MIPS24 Mm photometry, and 142 have i^-band 
photometry. We find 107 with full fGIRAC-MIPS24 Atm coverage. To enhance the h igh-z 



2006|). Of 



regime sampling, we further include 13 SDSS-DR3 QSOs at z ~ 6 (1 Jiang et al. . 
these, 12 are detected in all IRAC and MIPS24 Atm channels, while only five have 2MASS 
.fT-band data. 

Figure 13.111 shows the location of the QSO sample in the KI, IM (Section 13. 3. 2p . L07, 
and S05 colour-colour spaces. Only sources with reliable photometry in the displayed 
bands are shown. All four criteria select most of the displayed sample (> 90%). For z > 5 



QSOs, the IM completeness drops to 50%, in agreement with Figure 131)1 where some QSO 
templates start to move out of the KIM-AGN region at z ~ 6. We note, however, that 
if there is a prior indication for such high redshifts (z > 3), then the [8.0]-[24] colour can 
be used by itself and much more efficiently for the identification of AGN (cf. Figure I3TB|) . 
For z > 5 QSOs, all but one show [8.0] — [24] > 1. The small number of QSOs with 
blue K — [4.5] colours is explained in light of the discussion in Section 13.3.11 These are 
potentially less IR dominant AGN and/or sources possessing strong line emission. 

The high completeness levels achieved with this optical selected sample show the eclectic 
selection of IR criteria. However, optically selected AGN are not the main targets of IR 
AGN diagnostics, as, by definition, optical surveys do detect them. The most interesting 
use of these criteria is to recover sources undetected at X-ray and optical wavelengths. 
Sections 13.4.21 and 13.4.41 are, in this respect, much more representative of the intended use 



9 http:/ /irsa. ipac.caltech.edu/applications/Gator/ 

1Q UKIDS S uses the UKIRT W ide Field Camera (WFCAM; ICasali et al.l . l2007h and a photometric system 
described in lHewett et al. ( 2006). The pip eline processing and science archive are described in Irwin et al. 
(in preparation) and lHamblv et al] ( 20081 ). We have used data from the 8th data release. 
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Figure 3.11 : The SDSS-DR7 QSOs found in SWIRE and COSMOS fields together with 
Jiang et al. fl2006h sample displayed in KI (top left), IM (top right), L07 (bottom left), and 
S05 (bottom right) colour-colour spaces. Black dots represent z < 5 sources (with small 
photometric errors on average), and blue error bars otherwise. 
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of IR AGN diagnostics. 



3.4.4 High redshift Radio Galaxies 

To test yet another AGN population, we now consider High-z Radio Galaxies (HzRGs). 
These are among the most luminous sources in the Universe and are b elieved to host 



Seymour et al. 



(120071 1 . These are all 



powerful AGN. We use the sample of 71 HzRGs from 
at z > 1, a redshift range where no normal galaxy is believed to contaminate the AGN IM 
region proposed in Section 13.3.21 This is a classic example — such as that of LBGs — for 
the direct application of the IM boundaries. Having this, the K — [4.5] > colour cut is 
not required to disentangle AGN/non-AGN dominated sources at z < 1, meaning that one 
may consider [4.5]-[8.0] and [8.0]-[24] colours alone to determine whether AGN or stellar 
emission dominates the IR spectral regime. 

Figure 13. 121 shows the location of 62 HzRGs in the IM colour-colour diagram. Note the 
difference to SDSS QSOs (Figure f3. lip , where HzRGs show predominantly redder colours. 
The AGN region correctly selects as AGN 85% (40 sources) of the sample with adequate 
photometry (47 sources detected at 4.5, 8.0, and 24/im). In case no redshift estimate 
was available, however, one would need the K — [4.5] > colour cut to apply the IM 
AGN criterion, i.e., the KIM criterion. The application of KIM would result in a 76% 
completeness level. L07 selects 85% (41 out of 48 sources), and S05 selects 69% (33 out of 
48 sources). 

Again we recall that much of the improvement of KI/KIM over the commonly used L07 
and S05 will be in terms of reliability, not evaluated with this sample nor those referred in 
Sections 13X21 and 13X31 
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Figure 3.12: The HzRG (z > 1) sample from lSeymour et al.l (120071 ) displayed in the same 
colour-colour spaces as in Figure [5.111 Note the objects at 2 < [8.0] — [24] < 4 which are 
even redder than QSOs (Figure [3. 1 1 p . Dots show the z < 3 population, while crosses that 
at z > 3. Average photometric errors are shown on the lower right for the z < 3 (left error 
bar) and z > 3 (right error bar) samples. 
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3.5 Discussion 



3.5.1 Selection of type-1/2 and low- /high- luminosity sources 

Previous studies have claimed that IR colour-colour criteria are biased toward unobscurec 
systems (BLAGN o r type - 1 AGN; 



Stern et al.. 


2005: 


Donlev et al.. 


2007 


Cardamone et al. 



2008 



Eckart et al. 



low-luminosi t y one s ( ITreister et al. 



Eckart et al. 



20101). and tend to se l ect the most luminous o b jects, missing 



2006 



Cardamone et al. 



2008 



Donlev et al 



many 



2008 



20101 ). These tendencies are also assessed in this work. The considered AGN 
samples are those of GOODSs and COSMOS detailed in Section 13.4.11 X-ray and spec- 
troscopy data are considered in order to separate the samples into type-1 (unobscured) and 
type-2 (obscured) AGN. The way both regimes were considered and the relevant assump- 
tions for this classification are discussed with more detail in Appendix |A] The intrinsic 
X-ray luminosity distribution is shown for GOODSs and COSMOS in Figure 13.131 for the 
overall X-ray AGN sample, highlighting the type-1 and type-2 AGN components. 

We again emphasise that the aim of IR colour-colour criteria is the selection of galax- 
ies with an IR SED dominated by AGN light. However, low-luminosity AGN will often 
not dominate the IR emission of a galaxy, making their IR selection unlikely. This is 
clearly seen in Figure I3.14[ where the completeness of the L07, S05, and KI AGN se- 
lection cri teria increases significantly with source luminosity, in agreement with previ 



ous w ork ( ITreister et al. 



2006 



Cardamone et al. 



. 2008: 


Donlev et al.. 


2008: 


Eckart et al. 



2010|). One can also note that type-1 and type-2 AGN-selection completeness follow each 
other quite closely, pointing to a much stronger dependency on source luminosity than on 
type-l/type-2 nature 11 . If, as indicated by previous work, type-1 AGN te nd to be more 



luminous t 



2009a and 



ran type-2 AGN (see the discussions in see the discussions in 



Treister et al. 



Bongiorno et al. 



2010 



and references therein), this will then lead to a higher 



L The behaviour would be similar if considering the uncorrected or observed luminosity. 
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40 42 44 46 



logCLjj) [erg s" 1 ] 

Figure 3.13: The source density distribution with intrinsic X-ray luminosity distribution 
for GOODSs (upper panel, ~ 140arcmin 2 ) and COSMOS (lower panel, 1.8 deg 2 ) samples 
(note the y-axis are different). The trends were obtained with a moving bin of width 
Alog(Lx) = 0.6, with measurements taken each Alog(Lx) = 0.2. The overall X-ray 
population is represented by the dotted line, the AGN by the continuous line. The AGN 
population is further separated into the type-1 (light shaded region, log(NH[cm~ 2 ]) < 22) 
and type-2 (dark shaded region, log(Nn[cm~ 2 ]) > 22) sub-populations. 

fraction of type-1 objects among IR-selected AGN samples. However, this does not mean 
the IR criteria are more sensitive to type-1 AGN, as the main dependency is on luminosity 
(Figure T3.14I points to a very slight preference for the selection of type-1 over type-2, for 
the same luminosity), but mostly a natural result of luminosity dependence. It is never- 
theless worthwhile to note that the classification of AGN as type-1 or type-2 is not always 
straightforward nor unequivocal (see Appendix [A]) . A more robust study of the depen- 
dency of the IR AGN-selection criteria on AGN type requires a different approach, which 
we now present. 
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L07 S05 KI 




42 43 44 45 46 42 43 44 45 46 42 43 44 45 46 
log(L XR ) [erg s- 1 ] 

Figure 3.14: The AGN completeness for L07, S05, and KI criteria depending on source 
X-ray luminosity and type-1 (dotted-dashed lines) or type-2 (solid lines) nature. 

Let S be introduced as the relative sensitivity of a given selection criterion to a certain 
AGN type over another. Take unobscured (type-1) and obscured (type-2) AGN popu- 
lations as an example. These sub-populations exist in the overall AGN population at 
a given proportion. If such a proportion is maintained after applying a given selection 
criterion (either colour or luminosity based), it means the criterion is equally sensitive 
to either population, if not, there is a bias. Hence, S is calculated as the ratio be- 
tween the proportion estimated using a given criterion and the proportion estimated for 
the total AGN population. That is, the relative sensitivity regarding type-1 and type-2 
AGN is defined as S12 = (A 1 /A 2 )sel/(Ai/A 2 )tot; where Ai and A 2 are the numbers of 
type-1 and type-2 objects, respectively. Likewise, the relative sensitivity concerning low 
(log(Lx[ergs -1 ]) < 43.5) and high X-ray luminosity (log(Lx[erg s" 1 ]) > 43.5) is defined 
as 5hl = (Ah/Al)sel/(Ah/Al)tot, where Ah and Al are the numbers of high and low 
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X-ray luminosity objects, respectively. Values of 1 mean no bias, while, for example, higher 
values of 1S12 or <Shl mean biases favouring the selection of type-1 or high-luminosity AGN, 
respectively. As an example, in Figure 13.141 the IR criteria clearly show a bias toward 
the selection of high luminosity sources. This implies by definition 5hl > 1 f° r the IR 
AGN diagnostics. Care should be taken when comparing S values. For instance, if a 
given criterion has a lower <Si2 value than another criterion, that does not necessarily mean 
a comparatively higher completeness of type-2 sources, nor lower completeness of type-1 
sources. The completeness ought to be estimated separately. 

Figure 13.151 shows the variation of iS 12 with luminosity, meaning that in each bin 
S12 = (Ai/A2)bin/(Ai/A2)tot- The trend is estimated with a moving bin with width 
Alog(Lx) = 0.6, with measurements taken every Alog(Lx) = 0.2 step (similar to the 
moving average method). The three panels show the difference when considering intrinsic 
or observed luminosities (L™ 1, or Lx BS , respectively), and Nh or HR (two different alter- 
natives for the AGN type-1 and type-2 classifications). In the upper panel, the use of HR 



and Lx imply a bias 
in agreement with, e.g.. 



avouring 



Hasinger 



the se lectio n of type-1 AGN at th e highest luminosities 



(120081 ) and 



Bongiorno et al 



(1201 Of ). Yet, if one considers 



Nh instead (middle panel) this bias appears to decrease. The trend disappears over the 
full luminosity range if both Nh and L™ 1 " are considered instead (lower panel) . 

The dependency of the type-1 to type-2 ratio on luminosity (or redshift) affects the eval- 
uation of the type-l/type-2 bias of the IR criteria. So, assuming that IR criteria are clearly 
dependent on source luminosity (presenting high <Shl, Figure [3. 14j) and the type-l/type-2 
AGN ratio is equal throughout the full range of intrinsic luminosities (Figure T3.15p . does 
our sample imply nevertheless a bias toward type-1 sources, as referred to in the liter- 
ature? Figure 13.161 helps to clarify this point. Restricting the estimate of S12 to each 
luminosity bin ((S 12 = (A!/A2)sel/(Ai/A2)bin f° r each IR criterion) any possible lumi- 
nosity dependency seen in Figure 13.151 is avoided. Although the GOODSs sample (upper 
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Figure 3.15: The variation of Su with source X-ray luminosity. The different panels show 
the effect of different assumptions in assessing the luminosity classes, by considering either 
the intrinsic or observed luminosities (L^ 7 or L^ 85 , respectively), and type-1 or type-2 
populations, by considering either the HR or Nh- A moving bin is used as described in 
Figure EM In each bin, Sf™ = (A 1 /A 2 ) B in/(A 1 /A 2 ) TO t. 
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panel) does not allow one to draw any conclusion due to the high scatter, in COSMOS 
(lower panel) it is clear the IR criteria are biased toward type-1 AGN at intermediate lumi- 
nosities (43 < log^xfergs" 1 ]) < 44), while both types seem equally selected at the highest 



Treister et al. 



(j2009al ). who noticed 



luminosities. This is in agreement with the findings of 
a lack of IR excess emission in intermediate luminosity obscured AGN, even though their 
analy sis is mainly spectrosco py based. 



In 



Treister et al. 



(2009a 



), effects of self-absorption in a thick torus are evoked as the 
mechanism behind the lack of IR AGN emission. However, can dust-free X-ray obscuration 
also account for such behaviour? As discussed in Appendix IAJ the existence of dust- 
free clouds between the nuclear source and the dust torus is responsible for the bulk of 
the X-ray obscuration, but it will not emit at IR wavelengths. This results in a weaker 
radiation field at any given radius when compared to a gas-obscurat ion-free scenario. The 
inner radius of the dust t orus (set by the sublimation radius, e.g. 



Honig fc Kishimoto 



Nenkova et al. 



2008 



20101 ) will be smaller and the dust will still be heated up to the 
highest temperatures, emitting at short IR wavelengths. However, the existence of a weaker 
radiation field results in a less intense dust emission, when comparing gas obscured and 
unobscured AGN with equal intrinsic X-ray luminosities. Hence, dust-free obscuration 
can indeed be another reason for the observed lack of IR AGN emission of intermediate 
luminosity AGN. 

Also, the scenario where the obscuration material of the X-ray nuclear source is not 
the circumnuclear torus, but instead material present in the disc of the host galaxy itself 
may happen. AGN ar e frequently found in d isc-like sources either at l ow redshifts (e.g 



Griffith fc Sternl. 



2011 



2010; 



Kocevski et al. 



example, 



Cisternas et al. 



Polletta et al. 



201 lh or at earlier times (e.g., 



Schawinski et al 



20111). Extreme examples are also found in the literature. For 



(120061 ) find five X-ray compton-thick candidates (sources having 



log(Nn[cm 2 ]) > 24). Yet, three of them are not selected as such at IR wavelengths, 
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Figure 3.16: The variation of Su with source intrinsic X-ray luminosity for L07, S05, and 
KI. Nh is considered to identify type-1 and type-2 AGNs. A moving bin is used as described 
in Figure In each bin Sff L = (A 1 /A 2 ) S el/(A 1 /A 2 ) B in- 

showing instead normal spiral-type SEDs. Available optical imaging of these sources is 
however inconclusive regarding the morphology and orientation of these systems. This 
host galaxy disc obscuration effect is not expected to be a significant contributor to the 
X-ray compton-thick population, as it has been found that the rotatio n axis of the centra 



Naear & Wilson. 


1999: 


Kinnev et al. 


in radio galaxies 


Schmitt et al.. 


2002 



1998 



20001 ) and (b) it seems to avoid the dust torus plane 
and references therein) . Nevertheless, deeper optical 
and (near-)IR imaging should be pursued as a fundamental tool to confirm such scenario 
in these three specific X-ray compton-thick sources. 
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Table I3TB1 shows the results for GOODSs sample, while Table I3"l?l those for COSMOS, 
both considering the full redshift range. Both show a clear bias towards more X-ray 
luminous sources (as implied by Figure 13". 14j) and, at a lower level, towards type-1 objects. 

3.5.2 Photometric errors 

In the discussion so far, some conceptual advantages of KI and KIM have been presented, 
such as the open upper right AGN selection region allowing the selection of extremely 
obscured sources. Also, the use of filters probing widely separated wavelength ranges, such 
as K and 4.5/xm as opposed to 3.6 and 4.5/xm, for instance. This results in a wider colour- 
range domain, diminishing the sensitivity to photometric errors, particularly relevant close 
to the colour-colour space boundaries. This is verified by assessing the errors associated 
with the numbers in Tables 13.11 and 13.51 by varying the data points within the respective 
photometric errors (<5mag < 0.36). For instance, in GOODSs, the overall C of KI can vary 
between ~46% and ~59%. This is a range of ~2%, which is comparable to that of L07 
(4%), yet significantly smaller than that of S05 (9%). Restricting to MIPS24 Aim detected 
sources, the ranges are 2, 8, 1, and 7% for L07, S05, KI, and KIM criteria, respectively. 
The range for the TZ variation is 9% for KI, again comparable to that of L07, 11%, and 
much better than that of S05, 23%. Again, the MIPS24 Mm detected sample holds similar 
results, with 1Z variations of 9, 15, 5, and 20% for L07, S05, KI, and KIM criteria. The 
same test in COSMOS implies the same conclusion: the boundaries of criteria with filters 

probing widely separated wavelength ranges are less affected by photometric errors 12 . 

12 Note that KIM may present higher errors only due to the influence of the flux uncertainties at 24 /im, 
while L07 may do as well knowing that the boundaries are set in colour regions already too much populated 
by non-AGN sources. 
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Table 3.8: AGN-type selection comparison in GOODSs. 



Sample 


Criterion 


Ax a 


A 2 a 


o b 
<->12 


A L a 


A H a 


o b 




[none] c 


33 


119 




171 


65 




K+IRAC 


L07 


26 


75 


1.26 


69 


58 


2.25 




S05 


17 


45 


1.37 


36 


38 


2.78 




KI 


20 


55 


1.32 


33 


51 


4.07 




[none] c 


26 


101 




137 


56 




K+IRAC 


L07 


23 


61 


1.47 


56 


49 


2.15 


MIPS 24Mm 


S05 


15 


39 


1.50 


30 


34 


2.78 




KI 


18 


44 


1.59 


27 


43 


3.90 




KIM 


13 


37 


1.37 


25 


35 


3.43 



Note. — While in the upper set of rows it is required reliable photometry (<5mag < 0.36) in 

if+IRAC bands, in the lower set of rows we also require reliable 24/im photometry. Ai 

stands for AGN type-1, whereas A2 for type-2 (X-ray or spectroscopic classifications). 

Al refers to the sources having log(LxR.[erg s -1 ]) < 43.5, while Ah refers to those having 

log(Lx[ergs -1 ]) > 43.5. No redshift cut applied to this sample. 
a Number of AGN sources selected by the applied MIR criterion. 
b Relative sensibility: S12 = (Ai/A2)sel/(Ai/A2)tot and 

5hl = (Ah/Al)sel/(Ah/Al)tot- £12 or ^hl values higher than one mean greater 

relative sensitivity toward Al or Ah AGN, respectively. 
c The first row in each group refers to the total number of sources of a given type with 

reliable X+IRAC (upper group) and X+IRAC+24/im (bottom group) photometry. 
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Table 3.9: AGN-type selection comparison in COSMOS. 



Sample 


Criterion 


Ai 


A 2 


<Sl2 


A L 


A H 


<Shl 




[none] 


519 


629 




468 


916 




if+IRAC 


L07 


455 


445 


1.24 


262 


820 


1.60 




S05 


404 


354 


1.39 


196 


709 


1.85 




KI 


378 


339 


1.36 


149 


721 


2.48 




[none] 


371 


370 




252 


584 




K+IRAC 


L07 


346 


293 


1.18 


164 


549 


1.45 


MIPS 24Mm 


S05 


313 


246 


1.27 


117 


497 


1.83 




KI 


288 


229 


1.26 


87 


492 


2.45 




KIM 


233 


190 


1.23 


69 


403 


2.52 



Note. - 



Table structure and columns definitions as in Table 13.81 
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1 — i — i — i — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — i — |- 




12 3 4 

z (spec or phot) 

Figure 3.17: Applying a K — [4.5] > cut to the GOODSs and COSMOS samples in order 
to discard low-z non-AGN systems. Note the logarithmic scale on the ordinate axes. 

3.5.3 K - [4.5] at z < 1 

We finally highlight the importance of the K — [4.5] > colour cut as part of the KI and 
KIM- AGN criteria. In Figure 13.171 the redshift distributions for both the AGN and non- 
AGN populations found in GOODSs and COSMOS are presented. One can see the effect of 
the K — [4.5] > cut: at z < 1 there is a significant rejection of non-AGN galaxies (97%), 
while ~ 40% of the AGN population is kept. At z > 1 this colour cut has practically no 
effect in either galaxy population, selecting 97% of the AGN population in both fields, and 
80% (54%) of the non-AGN in GOODSs (COSMOS), not biasing the selection in the IM 
colour-colour space (Section I3.3.2p . As expected, the selection of AGN sources improves 
with source X-ray luminosity (Figure [3. 14[) . At low-z the C of log (Lxfergs -1 ]) > 43.5 
sources is 60% (67%) in GOODSs (COSMOS), and 95% (97%) at high-z. 
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3.6 Implications for JWST surveys 

The start of scientific observations of JWST, the successor of Spitzer at MIR wavelengths, 
is expected for 2018. It will be a 6.5m space telescope with the ability to probe the Universe 
from 1 to 25 /im. As highlighted in this work, this spectral regime has great potential for 
separating AGN from normal (non-AGN) galaxies. 

The sensitivity will of course be better than ever before, and the high-z universe will 
be probed with unprecedented detail. Many galaxies will be studied with MIR spec- 
troscopy, and signs for AGN activity will be naturally found that way (see, for example, 



Laurent et al. 



2000 



, and references therein). When dealing with large surveys, however, 
with thousands of sources and many close to the detection limit, AGN selection will have to 
rely on photometric diagnostics such as the KI/KIM criteria presented here. By selecting 
AGN candidates over a broad range of redshifts, < z < 7, the KIM criterion will enable 
the study of AGN phenomena to the earliest epochs. 

While the KI/KIM criteria can already be applied to current data from Spitzer, poten- 
tially more efficient MIR criteria will be possible with the large wavelength coverage of the 
JWST. Using planned JWST filter response curves 13 , we suggest a possible and promising 
colour-colour space alternative to that proposed in Section 13. 3. 2} using the MIRI 10/im and 
21/xm filters instead of the IRAC 8.0/im and MIPS 24/im bands, and the NirCAM 4.4/im 
instead of IRAC 4.5/xm (note th at these are band s close to those used in Wide-field IR 



Survey Explorer, WISE; see also 



Assefetal 



20101 ) . In Figure 13.181 the four panels show 



that the [4.4]-[10] versus [10]-[21] colour-colour space seems to present a better selection 
of the AGN/Hybrid model tracks. The AGN model tracks are better delineated by the 
selection boundaries and, as a bonus, the 21/mi filter is significantly more sensitive than the 
planed MIRI 25/im filter (equivalent to the MIPS 24/im filter), increasing the probability 



13 Provided online at: 

http: / /www. stsci.edu /j wst / instruments / nircam / instrumentdesign / filters /index_html 
http://www.stsci.edu/jwst/instruments/miri/instrumentdesign/miri_glance.html . 
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Figure 3.18: An alternative colour-colour space with JWST bands which might improve 
the AGN selection at < z < 7. Symbols and panels definition as in Figure 13.21 



of a detection needed for an AGN classification. This is shown in Figures 13.191 and 13.201 
where AGN dominated sources are detected up to the highest redshift considered in this 
work {z ~ 7). 
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1 10 1 10 

A(jLim) 



Figure 3.19: SED flux evolution with redshift for two star-formation dominated systems 
(Arp220 and IRAS 22491-1908, upper panels), and two AGN dominated systems (IRAS 
19254-7245 and Mrk231, lower panels). The redshift steps are z = z , 0.5, 2.5, 7. The blue 
dots indicate the i f-IRAC-MIPS^,,^ GOODSs 10a total flux level (based in Table 1 of 



Wuyts et all 120081 ). red dots give the 10cr level (at equivalent GOODSs integration times) 



of the JWST filters: 2.0/um, 4.4/xm, 10/xm, and 21/xm. At longer wavelengths, the gap 
between Spitzer and JWST's sensitivities is smaller due to the warmer telescope thermal 
background of JWST. 
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0.1 1 0.1 1 



z 

Figure 3.20: Flux evolution with redshift for starbursts (blue continuous line), hybrids 
(magenta dashed line), and AGN (black dotted line) in four JWST filters. Red dotted 
horizontal lines mark the 10a level (10,000 s integration) of each filter. 
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3.7 Conclusions 

Based on semi-empirical galaxy SED templates, we have developed IR colour based criteria 
for the selection of a wide variety of AGN in a large redshift range (0 < z < 7). As well 
as the application to existing data e.g., the recently available WISE data 14 ,][]WrightlO, 
these criteria are particularly relevant for the JWST, given the wide MIR spectral range 
considered. We thus propose new AGN IR diagnostics, which select AGN populations at 
better reliability levels than commonly used IR criteria (e.g., L07 and S05). The K — [4.5] 
colour is ideal for the z < 1 universe (Sections 13.3. II and I3.5.3j) ; KI is a reliable alternative 
to the IRAC-based diagnostics (Section 13.3. 1 p ; and KIM (Section I3.3.2p . a four band (K, 
4.5, 8.0, and 24/im), three colour (K-[4.5], [4.5]-[8.0], and [8.0]-[24]) criterion is shown to 
be more reliable than the L07 and S05 'wedge' criteria on selecting AGN hosts over the 
full < z < 7 range, when tested against some of the deepest IR data available today 
(Section I3.4[) and based in a template library sampling a broad range of galaxy types. In 
comparison to S05, these criteria are also shown to be significantly more robust against 
photometric errors and more complete in the selection of IRxs sources. 

We confirm that the completeness of the IR criteria is dependent on both AGN intrinsic 
luminosity and nature (obscured and unobscured), but strongly on the former. The bias 
favouring the selection of unobscured sources is seen at intermediate X-ray luminosities 
(43 < log(L x [ergs- 1 ]) < 44). 

Nonetheless, the IR selection of AGN will definitely improve with JWST. The high 
resolution provided by JWST, will push the detection of low-luminosity AGN in the cores of 
bright galaxies to higher redshifts. The proposed KI and KIM criteria should be improved 
as a result of the rich variety of filters to be incorporated in the instruments on board 
JWST. Ultimately, the ability to track AGN activity since the end of the reionization 

epoch will hold great advantages for the study of galaxy evolution in the future. 

14 http:/ /wise2. ipac.caltech.edu/docs/release/prelim/ 
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Appendix A 



Obscured/unobscured AGN 



A.l X-ray versus optical diagnostics 



In this study, both X-rays and optical/ nIR spectroscopy are used to identify the unobscured 
(type-1) and obscured (type-2) AGN populations. However, there are known cases where 
the two spectral regimes do not agree: either narrow lines are found in the optical spectra 
of X-ray unobscured AGN hosts, or broad lines are found in the optical spectra of galaxies 
hosting X-ray obscured AGN. 



An optical obscured class ification of X-ray unobscured AGIN 



the result of selection effects ( Moran et al. 



2002 



Sever gnini et al. 



is now believed to be 



2003 



Silverman et al. 



20051 ). where the light from the host galaxy outshines that of the AGN continuum and 



broad lines, the latter appearing with apparent smaller equivalent widths (hence classified 



as narrow line systems) due to t he relatively high s t ellar continuum. T 



supp orted by subsequent work (IPage et al. 



lis has been further 



2006 



Cardamone et al. 



2007 



Garcet et al. 



20071 ). This effect is thought to increase with redshift, as the same slit width will gradually 
include more light from the host galaxy at higher redshifts. 

However, selection effects can not explain an unobscured optical classification together 
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with obscurec 


; X-ray emission. Such combination is real and 


Perola et al.. 


2004; 


Eckart et al.. 


2006; 


Garcet et al.. 


2007) 



and absorption column density (jElvis et al. 



2004 



20071). Sho r t tim e variability on flux 



Risaliti et al. 



20071 ) imply obscuration 



material at s maller radii than the dusty torus inner radius , which is set by the sublimation 



radius (R 



sub; 



Suganuma et al. 



2006 



Nenkova et al. 



20081 ). These dust-free gas clouds will 



only absorb X-ray emission, not affecting the optical/nIR broad-line emission. Hence, 
knowing that the dusty material obscuring optical light also blocks X-ray emission, the 



X-ray column densities are always larger tha n those producing 



to extreme ratios of two orders of magnitude ( jMaccacaro et al. 



;he optical obscurat i on, u p 



1982 



Gaskell et al. 



20071 ). 



This clearly implies that dust-free clouds at <R< m ; ) frequently represent the bulk of the 
X-ray obscuration. Being composed by gas, and not dust, these innermost clouds will not 
re-em it at IR wave l engths. But note that these sources tend to p r esent high luminositie s 



e.g. 



Perola et al. 



20041 : 



Eckart et al 



2006 



Garcet et al. 



2007 



Treister et al 



2009bJ). 



Such property is determinant for an IR AGN classification, as significant initial X-ray flux 
is needed to still heat the dust torus at the necessary level to overcome the host galaxy 
light and produce an IR SED dominated by AGN emission. The same should apply to the 
broad-line emission. If not luminous enough, the host galaxy stellar light continuum will 
again produce either apparent narrow lines or a spectrum with no AGN emission lines. 
Note that the former will produce an underestimate of the number of such type of sources, 
unless adequate spectral observations are done (slit size and orientation set to probe solely 
the nuclear region). In this scenario, the apparent narrow-line spectral classification agrees 
with the X-ray obscured classification, inducing the astronomer to account such source as 
a normal obscured AGN source. 

Finally, both optical-colour based AGN criteria and optical spectroscopy c l assific ation 



are known to miss many of the faintest obscured AGN (e.g., 
references therein). 



Treister et al. 



2004 and 
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A. 2 Nh versus hardness-ratio 

The above discussion leads us to adopt the X-ray spectral regime as the main tool to 
assess the type-1 and type-2 AGN populations. Such procedure relies on the X-ray spec- 
trum hardness, i.e., how much flux is observed in the hard-band (2-10 keV) compared to 



that observed in the soft-band (0.5-2 keV). The hardness-ratio (HR, S ection I3.4.1D i s often 



adopted for such task. However, it is degenerate at ' 


ligh redshifts ( 


ickart et al. 




2006 


Messias et al.. 


2010 


, but see also 


Alexander et al. 


2005 


and 


Luo et al. 


2010 


), as more en- 



ergetic rest-frame X-ray wave-bands (less affected by dust obscuration) are observed by 
both Chandra and XMM-Newton telescopes. Also, HR relies on photon counts, which 
is highly dependent on telescope band efficiency Flux ratios (used to estimate Nh) are 
a more uniform measurement from telescope to telescope. Hence, we adopt the source 



column density Nh (computed as described in Section 13.4. ip as the X-ray diagnostic for 
obscured/unobscured nature. Although the high- z degeneracy is avoided, the estimate of 
Nh still relies on band-ratios. At high redshift this implies that even small photometric 
errors correspond to larger uncertainties in the Nh value. This is expected to produce a 
scatter effect instead of a systematic one. 

In this work, only when the type-l/type-2 classification is undetermined in the X-rays, 
is the optical/nIR spectral classification adopted. 



A. 3 Band ratios versus spectral fit 



Akylas et al. 



(120061 ) use an X-ray spectral fit procedure to estimate the column density. 
They find a tentative trend (as referred by the authors) hinting for a systematic and 
increasing overestimate of Nh with redshift, reaching a 50% level at z ~ 2.5, corresponding 
to a Alog(Nn) = 0.17 increase. Also, the quality requirements for a spectral fit induce a 
bias toward the identification of harder X-ray SEDs, as enough photon counts are needed 
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throughout the full 0.5-8 keV band to provide a good spectral fit. Both XMM-Newton and 
Chandra, however, have soft-bands ~6-7 times more sensitive than the hard-bands. This 
means that many observed-frame soft sources detected in the soft-band cannot be classified 
because the hard-band upper limit is too high. The opposite does not hold, as whatever 
is detected in the hard-band and not in the soft-band already implies (with Chandra and 
XMM-Newton observations) an obscured nature. 

The use of band ratios allows reaching to fainter sources, as the flux is summed over two 
wide bands, instead of the narrow spectral channels. More importantly, the consideration 
of the full-band flux instead of the hard-band flux (see Section 13.4. ip allows the flux limit 
to be pushed even deeper and to classify part of the undetermined population missed by 
spectral fitting or HR diagnostic. Briefly, let two sources have the same full-band flux, 
which happens to be close to the sensitivity limit. Let one source have a hard SED, while 
the other has an observed-frame soft SED. The former will be detected in both hard and 
soft bands allowing for a classification, while the latter is only detected in the soft band, 
resulting in an undetermined classification. However, if one considers both full and soft 
bands (where the soft source is detected), a classification is now possible. The full-band 
ratio method is only possible to apply to the data in GOODSs, as no full-band flux is 
provided in the XMM-COSMOS catalogue. Note that the Chandra full-band is only 3- 
4 times less sensitive than the soft band and almost two times more sensitive than the 
hard-band. This allows us to classify 41 sources more than the HR method, which already 
classifies 192 (including sources with useful upper-limits). Of this extra sample, 17 (41%) 
are classified as unobscured sources (log(Nn [cm -2 ]) < 22), while the remainder are high 
redshift (z > 1.5-2) obscured sources. 
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A. 4 The adopted classification 



In this work, X-ray column densities are computed to all possible sources (as described in 
Section f3.4.ip . An obscured AGN is considered to have log(Nn [cm -2 ]) > 22, while unob- 
scured AGN have log(Nn [cm -2 ]) < 22. If such estimate is indeterminate, the optical/nIR 
classification is adopted, where broad line features imply unobscured nuclear activity, and 
high-ionization narrow lines indicate obscured nuclear activity. 

Again we stress that no criterion is perfect. The choice of the criteria finally adopted 
is thought to be, after a careful line of reasoning, the least affected by all the bias inherent 
to this and similar studies. 



A. 5 Comparison with iTreister et al.l (J2009b|) 



Treister et al 



(l2009bf ) present a detailed procedure to estimate the dependency of the 
fraction of obscured sources (/ & s ) on both X-ray luminosity and redshift. The f f, s is found 
to decrease with increasing luminos ity and, after accounting for incompleteness effects (as 



described in 



Treister &: Urry 



20061 ). to increase with increasing redshift. The sample in 
that work is selected in the extended CDFs (ECDFs, a Chandra survey with an average 
230 ks depth in a region three times larger than CDFs and six times smaller than the 
COSMOS field). 

A spectroscopic analysis (including data from 8-m class telescopes) is the main diag- 
nostic between obscured and unobscured AGN (at z < 0.5 the HR is considered instead). 
In the lower panel of Figure IA.1I we compare our estimates (using both X-ray and spec- 



troscopic criteria) with the f Q b s data points (crosses) 



which also consider those from 



Treister fc Urry 



presented by 



Treister et al 



(2009b 



20061 ). The expected f Q b s trend result- 



ing from incompleteness effects and survey characteristics for the specific ECDFs sample 
and type-l/type-2 classification was computed (for a constant type-l/type-2 ratio) as de- 
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(|2009b|) 
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scribed in 



Treister &: Urryl (120061 ) and is show n as a dotted-d a shed lin e. As the ECDFs data 



points are always above the theoretical line, 



Treister et al. 



(J2009b|) propose that the /« 



obn 



is actually increasing. At z < 1.5 the ECDFs data points fall between the GOODSs and 
COSMOS trends as expected from an intermediate depth survey, recovering more obscured 
sources than COS MOS, yet still missing those detected in the 2 Ms Chandra observations 



( ILuo et al. 



20081 ). At z > 1.5, however, our data points show a higher f i, s , even when 



considering the shallower XMM-Newton data in COSMOS. This is due to the different 



classification methods. Figure IA.2I clearly proves th e statement. I 
of Nh, the lower redshift (z < 1.5) data points from iTreister et al. 



;he HR is used instead 
rj2009bh still agree with 



our trends derived from the COSMOS and the deeper GOODSs data, while at higher red- 
shifts the agreement with COSMOS is clear. The reader should recall once again that the 
HR is increasingly degenerate with increasing redshift (at z > 2, a reaso nably obscurec 



sourc e, log(NH[cm 2 ]) ~ 23, ma y be classified as unob scured, Figure 3 in 



Messias et al 



20101 ). Hence, we deduce that the 



Treister et al. 



(j2009bl ) analysis (before correction) suffers 



of equal bias at z > 1.5 as it is based in spectroscopic classification alone. 

Note that the deeper GOODSs/CDFs data imply a non-dependency with redshift (Fig- 
ure lA.ip . with the caveat that this work may still be missing a significant population 



of ob scured AGN. The recently released 4 Ms depth Chandra observations f jXue et al 



20111 ) 1 will definitely improve this estimate. Hence, while the underlyin g obscured pop 



illation remains undetected by current surveys, a procedure like that of 



Treister fc Urrv 



( 120061 ) should be pursued for an improved estimate of the dependency of f b s with redshift. 

The upper panels in Figures I A. 1 1 and IA.2I show that Su increases with redshift with 
a power-law (Su oc (1 + z) a ) index a ~ 0.4. This means that compared with the overall 
type-1 to type-2 ratio in the X-ray sample, that ratio increases with redshift, meaning a 
relatively higher number of type-1 sources. 



1 Data set available at: http://cxc.harvard.edu/cda/Contrib/CDFS.html 
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z 



Figure A.l: The variation of <S 12 (upper panel) and the obscured fraction (lower panel) 
with redshift. The trends for both GOODSs (thick solid lines) and COSMOS (thick dotted 
lines), are displayed. The power-law (oc (1 + z) a ) index a is given for GOODSs (a as) an d 
COSMOS (aco)- As a reference, the data points (crosses) and the expected evolution 
of th e obscured fraction ind uced by sample characteristics in ECDFs (dotted-dashed line) 
from iTreister et al.l (j2009bl ) are displayed. 
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Figure A. 2: The same as in Figure IA.1[ but considering the HR to identify obscured and 
unobscured sources instead of Nh and optical/nIR spectroscopy. Symbols and labelling as 
in Figure [A~T1 
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Figure A. 3: The same as in Figure \A.1\ but considering Nh to identify obscured and 
unobscured sources in the restricted sample composed by sources detected in both soft and 
hard X-ray bands. Symbols and labelling as in Figure IA.1I 



As a final remark to prove the bias induced by the discrepant relative sensitivity between 
the soft and hard bands (as described in Section IA.3j) . the same trends are shown in 
Figure IAT31 this time considering only the sources detected in both soft and hard bands (as 
required by spectral fitting analysis). The clear increase of / j, s with redshift reflects the 
referred selection effect. 
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Chapter 4 



Hot dust and its role in shaping the 
infra-red luminosity functions 



4.1 Introduction 



While FIR/mm studies focus on the cold (T<100K) dust re-emission dominating at those 
wavelengths, in this study, the hot extremes of dust re-emission (T~500-1500 K, e.g., 



Nenkova et al 



20081 ) ar e explored (at ^2-8 /im) using observations on the Cosmic Evolu- 



tion Survey (COSMOS, 
IR array cam e ra (IR AC 



Werner et al. 



Scoville et al. 


20C 


7) 


. Fazio et al. 


• - 


2004 


)< 



2007). The study is mostly based on data from the 



20041 ) on board the Spitzer Space Telescope (Spitzer, 



20041 ). facility which, in less than a decade, ha s contributed so much to the 



field of galaxy evolution (for a review, see 



Soifer et al. 



20081 ). The goal is to estimate the 



hot dust contribution to the SED of the galaxy population at short IR wavelengths, and 
how it depends on both redshift and galaxy nature. This is intrinsically related to the 
shape of the overall IR luminosity function and how it evolves with cosmic time. 

In Section 14. 2} the sample used in this study is described, detailing how each redshift 
regime was assessed and how each galaxy population — early and late-types, starbursts, 



The sample 
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and AGN hosts — was assembled. Section 14.31 describes the method used to extract the 
dust emission in each galaxy SED. In Section \AA\ we present rest-frame IR LFs and then, 
in Section 14.51 we present the dust luminosity density functions. In this same section, the 
dust luminosity density is also shown to evolve with redshift and differently between each 
galaxy population. Finally, Section 14.61 summarises the conclusions drawn from this study. 



4.2 The sample 

We use observations from the COSMOS field, covering an area of 1.8 deg 2 , w ith available 



Ilbert et al. 



multip le- waveband data. The reference catalogue used is the one described in 
(120091 ) . From it, consistent samples of galaxies are extracted depending on the target 
rest-frame wavelength (3.3 or 6.2 /j,m) and redshift, allowing for an evolution study with 
cosmic time. Each sample is further separated into: early-type, late-type, starburst, and 
AGN host populations. While the first three are assembled based on a spectral SED fitting 
algorithm, the AGN population is estimated by applying a new IR colour-colour diagnostic 
enabling the selection of AGN host galaxies (Chapter [3]). The following sections detail each 
of these steps. 



4.2.1 The target rest-frames 



This study focus on the extreme hot regimes of dust reemission. The target rest-frame 
wavelengths are at 3.3 m and 6.2 m. These are wavelengths where specific polycyclic aro- 
matic hydrocarbons (PAHs) features are expected to be observed by Spitzer -IRAC filters, 
and to which hot dust is also known to contribute significantly. Although PAHs are not 
actual dust particles, they are large molecules (composed by ~50 Carbon atoms) of Carbon 
rings and Hydrogen, which act as light-blocking small dust grains f or UV radiati on, pro- 
ducing broad emission features in a galaxy IR SED (for a review, see 



Tielcns 



2011ft . These 
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were referred as unidentified IR bands until the 80's, when the PhD work of Kris Sellgren 



provi ded a key understanding of such emission features (ISellgren 



1983 



Sellgren et al 



19831 ). PAHs comprise a significant fraction of the Carbon existing in the universe, they 
are believed to be closely related to star-formation activity, and to reprocess a substantial 
fraction of UV-light into the IR wave-bands, hence being a major source of obscuration, 
which we aim to track in this study. For simplicity throughout this chapter, when referring 
"dust", the PAHs contribution is also included in that class. The IR continuum comes from 
dust heated by energetic radiation fields. Vi gourous obscured star- f ormation can a c count 



for such emission a s well as AGN activi t y (|da Cunha et al. 



Honig fc Kishimoto 



2010 



Popescu et al. 



2011 



2008 ; 



Nenkova et al. 



2008 



and references therein). 



4.2.2 Redshifts and galaxy populations 



The photometric redshifts assigned to each source 



with the Le Phare code 1 (S. Arnouts & O. Ilbert) (jllbert et al. 



bund in the sam 



pie were estimated 



2009J). The ultraviolet- 



to-IR coverage (0.15-8 /xm) is unique and there are, in tota l , 30 b road, intermediate, and 



Ilbert et al. 



narrow-band filters to be considered (Table 1 in 

procedure, which accounts for the contributions from emission lines ( 
Lya) to the SEDs, and results are described and thoroughly tested in 



20091 ). The new implemented 
QUI, Hff, Ha, an d 



Ilbert et al 



(J2009J). 



The template library is heterogeneous enough t o cover a large rang e of the colour- z space. 



Briefly, the considered temp lates (Figure 1 in 



and six late-type SEDs from 



Polletta et al. 



(2007 



bert et al. 



20091 ) consist of three early 



and linear interpola tions between some 



of the se SEDs for fitting improvement), and 12 SEDs generated with 



Bruzual fc Chariot 



(12003 



BC03 henceforth) models in order to better match the colours observed in some of 



the bluest sources found in the field. The BC03 models cover a wide age range (0.03 to 



1 http:/ /www. cfht.hawaii.edu/^arnouts/LEPHARE/cfht_lephare/lephare. html 
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3 Gyr 2 ). The choice of the extinction curve was SED template-dependent and according to 
a grid of colour-excess values 3 . The spectral types adopted throughout this chapter (early, 
late, and starbursts) ar e a result from th e fitting procedure of the SED templates to the 



observed galaxy SEDs ( Ilbert et al. 



The testing done in 



Ilbert et al. 



2009 



(120091 ) indicates a fitting quality dependency on both 
source flux and redshift. The redshift intervals considered in this study are set by the 
target rest-frame wavelengths — 3.3 and 6.2 fim — and the spectral responses of the IRAC 
filters. Table I4TT1 shows the redshift ranges considered throughout this study, resulting from 
the specific redshifts where 3.3 or 6.2 /im wavelengths enter or leave t he 50% thro u ghput 
limits of an IRAC filter. For the first three redshift bins, Figure 9 of 
shows a constant z p hot quality with distance, with cr Az /(l 



Ilbert et al. 



(120091) 



z spec ) < 0.04 at an z-band 4 



magnitude of i + < 25 (where Az 



"spec 



— 2phot)- F° r the farthest redshift bin considered in 



this study, larger errors are expected, with <Jaz/ (1 + z spcc ) < 0.05 for i + < 24 and a^ z j (1 + 



"spec, 



< 0.1 for i + < 25. When computing the errors of the dust LF estimates, we consider 



in quadrature the poissonian and the z p h t-induced errors (cT po i and a zp , respectively): 
Ctot = 



poi 



a 



When available, the spectroscopic redshift estimate from ^COSMOS (ILilly et al 



2009|) 



is considered only if with high p robability (> 9 0% c onfidence, 8562 sources were found 



with such constraint). Also, in 



Salvato et al. 



(120091 ) the COSMOS team re-computed 



photometric redshifts for XMM-detected sources. Variability effects in X-ray AGN hosts 
and AGN emission contribution is properly accounted fo r the computation of z p hot- If 



available, this improved z p hr,t estimate from 



that from 



Salvato et al. 



Ilbert et al. 



(120091 ) is considered instead of 



(120091 ) . For the remainder of the sample, only sources with good 



2 Different metalicities are used depending on the template age: Z=0.004 for < 1.1 Gyr templates, 
Z=0.008 for 1.43 < age [Gyr] < 2.1, and Z=0.02 (solar) for > 2.5 Gyr (where Z is the mass fraction of all 
elements heavier than Helium). 

3 E(B - V) = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5 

4 Subaru Telescope: http://www.naoj.org/ 
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Table 4.1: The adopted redshift ranges 
and equivalent observing bands for 
rest-frame 3.3 and 6.2/im 



Rest- Frame 


IRAC A 


^LOW 


ZfflGH 


H 


H 






3.3 


3.6 


0.05 


0.19 




4.5 


0.21 


0.52 




5.8 


0.52 


0.94 




8.0 


0.97 


1.86 


6.2 


8.0 


0.05 


0.52 



quality photometric redshifts ((z^ % — z^ o )/(l + %,hot) < 0.4) of sources with i + < 25 are 
considered for the study. The redshift distribution is shown in Figure I4.1[ highlighting the 
fraction of the sources with available z spec , with i + < 24, i + < 25, and the total population. 
The incompleteness caused by the quality constraints is accounted for while computing the 
source densities (Sections 14.41 and |4.5p . Figure I4T21 shows the variation of the fraction of 
sources having a reliable redshift estimate depending on observed magnitude in each of the 
IRAC-channels. 

The final samples are selected in the four IRAC channels (when following the rest- 
frame 3.3 /im wavelength with redshift) and at 8 /im, when studying the rest-frame 6.2 /im 



wavelength in the nearby universe. Hence, for the estimate of dust LFs at rest-: 
we co nsider all 0.05 < z < 0.19 sources with [3.6] < 23.9 (for consistency with 



rame 3.3 /im 



Ilbert et al. 



2009|), all 0.21 < z < 0.52 sources with [4.5] < 23.6, all 0.52 < z < 0.94 sources with 
[5.8] < 22.2, and all 0.97 < z < 1.86 sources with [8.0] < 21.6. For the estimate of 
dust LFs at rest-frame 6.2/im, we consider all 0.05 < z < 0.52 sources with [8.0] < 21.6. 
These completeness magnitude cuts are set as the magnitude value at which the magnitude 
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Figure 4.1: The redshift distribution of the COSMOS sample. Highlighted are the distribu- 
tions of sources with available good quality spectroscopy (dashed histogram), with i + < 24 
(dotted-dashed histogram) and i + < 25 (solid histogram), while the overall population is 
denoted by the dotted histogram. Note the logarithmic scale on the y-axis. 




Figure 4.2: Completeness of reliable redshift estimates depending on source magnitude in 
each of the IRAC channels: 3.6 /im (solid black line), 4.5 /im (dotted blue line), 5.8 /xm 
(dashed green line), and 8.0 /im (dot-dashed red line). 
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distribution starts to drop (Figure I4TB1 . The use of apparent magnitude as a completeness 
cut instead of absolute magnitude, is not a problem as redshift constraints are also applied. 
Within a narrow redshift, the apparent magnitude can be used as a proxy of the absolute 
magnitude. In our case, even in the highest redshift bin, which is not narrow in any way, 
this proxy is valid, as we are already limited to the brightest objects. The final numbers 
are detailed in Table 14.21 



Table 4.2: The numbers of each population with redshift 



Rest-Frame 


^BIN 


TOTAL 


EARLY 


LATE 


STARB. 


AGN 


[/H 














3.3 


0.05 < z < 0.19 


3697 


704 (19) 


437(12) 


2479 (67) 


77(2) 




0.21 < z < 0.52 


20081 


3027(15) 


3645 (18) 


12780 (64) 


629 (3) 




0.52 < z < 0.94 


25484 


3548 (14) 


4825 (19) 


13672 (54) 


3439(13) 




0.97 < z < 1.86 


18568 


1619(9) 


4188 (23) 


7796 (42) 


4965 (27) 


6.2 


0.05 < z < 0.52 


11759 


1948(17) 


3637(31) 


5953 (51) 


221 (2) 



Note. — Numbers in parenthesis give the fraction (in %) of the total population each population 
represents at each redshift interval 



4.2.3 IR selection of AGN 



Both X-ray and spectroscopic observations can be used for the identification of AGN hosts. 
However, we are just interested in identifying those galaxies whose nuclear emission dom- 
inates the I R regime, whi c h frequently is not the case for either optical or X-ray identified 



AGN (e.g., 



Treister et al. 



2006 



Donley et al. 



2008 



Eckart et al. 



2010 



and Chapter [3] of 



this thesis). We adopt the AGN diagnostics described in Chapter [3] of this thesis involving 
K — [4.5] and [4.5] — [8.0] colours. AGN hosts are considered to have K — [4.5] > at 
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magnitude 



Figure 4.3: Magnitude cuts to constrain the completeness depending on redshift interval 
and observed band (see Table l4TTj) : 3.6 /im (upper left), 4.5 /im (upper right), 5.8 /mi (lower 
left), and 8.0 /im (lower right). The numbers inside squared brackets give the number of 
selected galaxies, i.e., those found to the left of the vertical line (the magnitude cut). Note 
that the y-axis scale in the upper panels is different from that in the lower panels. 
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Figure 4.4: The evolution with redshift of the AGN fraction in the total IR (black solid 
line), early-type (red dotted line), late- type (green short dashed line), and starbursts (blue 
long dashed line) populations. 

z < 1, and K - [4.5] > and [4.5] - [8.0] > at z > 1. Table 0~2] details the number of 
sources selected as AGN in each redshift interval. Figure 14.41 shows the evolution of the 
AGN fraction depending on both redshift and galaxy type. At high redshift, most AGN 
are found in starburst and late spectral-type galaxies. 

4.3 Estimating rest-frame IR luminosities and dust con- 
tribution 

This study focus on two specific rest-frame spectral regimes: 3.3 and 6.2 /im (Section l4.2.ip . 
However, at these wavelengths, both stellar and hot dust continuum emission contribute 
to the galaxy SED. In order to disentangle these, we first estimate the stellar emission at 
3.3 and 6.2 /im for each galaxy. This is done in two steps. First we consider a reference 
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wavelength which we expect to be solely due to stellar emission. With that, we then use 
a pure stellar emission model to estimate the stellar emission at 3.3 and 6.2 /im. The 
remaining flux is thus assumed to be due to dust emission alone. 

The reference wavelength to estimate the stellar emission from is that of the peak of 
the stellar bump at 1.6 /im (if -band). This emission bump is frequently observed in galaxy 
SEDs (Figure |4T5|) . and, at < 2 /im, no significant dust emission is expected. Either because 
SF UV/optical (stellar or AGN) emission is not enough to heat dust for it to re-emit and 
dominate at such low wavelengths, or because, and most importantly, any dust particle 
in the radiation field is dissociated. Hence, at wavelengths below ~ 2 /im, only emission 
from the Wien tail by the hottest dust grains (around thermally pulsating asymptotic giant 
branch, TP-AGB, stars or in a dust torus around an AGN) and from scattered AGN light is 
expected, which is expectable not to be substantial (however, see discussion in Section |4~5|) . 

The source flux at rest-frame 1.6 /im is obtained through interpolation between the two 
wavebands which straddle this rest-frame wavelength at the source's redshift. However, 
although necessary, interpolation will generally underestimate the true rest-frame 1.6 /im 
flux value depending on the source redshift and SED shape. This is evident from Figure I4TB1 
where discrepancies between estimated and true value (always below the 20% level) are 
shown for typical early (red) and late (green) galaxies, blue starbursts (blue), and AGN 
hosts (magenta). These trends were used to correct the interpolated 1.6 /im flux for each 
galaxy at its redshift. 

With the estimated stellar flux at 1.6 /im, the corresponding stellar contribution at 3.3 
and 6.2/im is obtaine d. This is done with a pure stellar model (solid line in Figure |4T5| 



13Gyr elliptical from 



Polletta et al. 



20071 ). The conversion from 1.6 /im stellar flux to 
that at 3.3 and 6.2 /im is slightly redshift dependent, because the considered filters will 
probe slightly different rest-frame wavelength ranges. Hence, using the pure stellar model 
(Figure T4.5p . a conversion table was produced by convolving that stellar model with the 



175 



Chapter 4. Hot dust and its role in shaping the IR LFs 




Figure 4.5: Separating the IR emission into stellar and dust contributions. The solid line 
shows an elliptical template, dominated by stellar emission alone, used for the conversions 
from rest-frame 1.6 /xm luminosities to 3.3 and 6.2 /im stellar luminosities. Together with 
the solid line, the dashed and dotted lines delimit, respectively, the dust contribution to the 
IR SED of Arp2 20 fa dusty starburs t) and IRAS 19254- 7245 south (an AGN host) galaxies 
(templates from Polletta et all 2007 ). 
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Figure 4.6: The redshift induced effect of interpolating the galaxy SED in order to estimate 
the flux at rest-frame 1.6/im. The y-axis shows the ratio between the interpolated flux 
(f™ TERPOL ) and the actual model value (fi6° D ) ^ 1-6 /^ m - Different types are shown: early 
(solid red line) late (dotted green line), blue starburst (dashed blue line), and AGN (solid 
magenta line). 

NIR filters (from J-band to 8 /im) at each redshift step of Az = 0.01. 

Figures 14.71 and 14.81 show the estimated 1.6/im luminosities versus the observed - 
hence including stellar plus dust emission — 3.3 and 6.2 /im luminosities for each galaxy 
population considered in this study. The regions between the dotted lines represent the 
locus where SEDs dominated by stellar emission alone are expected to fall. These two 
figures already show that the dust contribution at 6.2/im is more significant than at 3.3/im 
in AGN hosts, starbursts, and some late-type galaxies. As expected, the elliptical data 
"cloud" tends to fall in the stellar region. Figure 14.71 also shows the distinct feature in 
the luminosity distribution of the starburst population (and slightly in that of the late- 
type population). This behaviour is assigned to strong hot-dust emission producing a 
migration out of the pure stellar region. This is the emission excess we aim to extract 
when subtracting the stellar emission. 
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Figure 4.7: Luminosities at rest-frames 1.6 /xm (Li.g) and 3.3 /xm (L3.3). The dotted lines 
delimit the region where pure stellar emission should fall. Each panel is reserved to a differ- 
ent population: early-type (upper left), late-type (upper right), starburst (lower left), and 
AGN host (lower right). The contours are simply demonstrative of the sample distribution 
and are defined based on the maximum source density in each plot, hence the isocontour 
levels differ between panels. 
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Figure 4.8: Luminosities at rest-frames 1.6 /xm (L 16 ) and 6.2 /im (L 33 ). The dotted lines 
delimit the region where pure stellar emission should fall. Panel and contour definition as 
in Figure 
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We note that the underlying shape of the galaxy IR SED, due to stellar emission alone, 
is considered to be common to all galaxy populations referred in this study This is a fair 
assumption — for an universal initial mass function — knowing that stellar emission in this 
spectral regime originates in cold stars, which live longer, hence producing a constant SED 
shape over a wide range of ages. Such assumption may be affected by strong obscuration 
factors between rest-frame 1.6/xm and 3.3 or 6.2/xm. However, this w ill only occur in 
rare e xtremely obscured systems (da Cunha, private communication, and 



da Cunha et al 



2008|). 



4.4 The effect of dust and AGN in IR Luminosity Func- 



tions 



The total IR LFs are now presented at rest-frames 1.6 /im (Figure fl~9|) . 3.3 /im (Figure l4.10p . 
and 6.2 /im (Figure RL.lip . In each figure, different populations are considered: total (black), 
early-type (red), late-type (green), starburst (blue), and AGN hosts (magenta). Each panel 
refers to different redshift intervals (except for 6.2/iin in Figure 14. 1 1 1 where only one redshift 
interval is accessible with IRAC bands, Table |4TT|) . LFs were obtained through the 1/V max 
method described in Chapter [2j The volume associated with each galaxy is based on the 
flux limit of the sample and the /c-correction, derived from the galaxy's own SED (as given 
by the observed multi- wavelength photometry). 

Although here we present rest-frame 1.6 /xm LFs, this wavelength (at which the stellar 
continuum peaks) is correlated with the galaxy mass. There f ore, one can attempt to 



compare the mass fu nctions in the literature (e.g., 



Ilbert et al 



2009 



Pozzetti et al. 



Drory et al. 



2009 



20101 ) with our 1.6 /xm LFs (and in some situations 3.3 /im as well). In 



this study we a re unable to f ollow the features referred in the literature up to the highest 



redshifts, as in 



Drorv et al. 



(120091 ) . This is due to the completeness constraints we have 



The effect of dust and AGN in IR Luminosity Functions 



180 



-2 - 



- -4 - 



^-.-2 - 



-4 - 



-6 - 



T — I — I — |- 1 — I — I — I — |- 1 — I — I — I — |" 

TOT 
EARLY 

LATE 
SB 
AGN 




-6 h 0.05<z<0.19 
I I I I I I I I I I I I I 




0.52<z<0.94 — 



J I L 



J I I L 



1 



J I I L 



1 



I I I I I I I I I I I I I 




0.21<z<0.52 
I I I I I I I I I I I I I 




0.97<z<1.86- 



J I L 



1 



J i ■ ■ 



1 



-25 -20 -15 -25 -20 -15 



Mi. 



6 



Figure 4.9: Rest-frame 1.6 /zm LFs depending on redshift (each panel is reserved to a 
different redshift range) and galaxy type: Total population (black), Early (red), Late 
(green), Starburst (blue), and AGN (magenta). The trend shown by each LF in the lowest 
redshift panel is displayed (dotted LFs) in the subsequent panels for comparison. The LFs 
of each population were trimmed according to the luminosity below which a significant 
drop in the source densities (due to incompleteness) is observed in the total population LF 
or in the sub-population LF. The bin size is of 0.25 mag. 
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Figure 4.10: LFs at rest-frame 3.3/im depending on redshift and galaxy type: Total popu- 
lation (black), Early (red), Late (green), Starburst (blue), and AGN (magenta). The trend 
shown by each LF in the lowest redshift panel is displayed in the subsequent panels for 
comparison. The LFs of each population were trimmed as described in Figure 14.91 
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Figure 4.11: Local 6.2 /xm LFs depending on galaxy type: Total population (black), Early 
(red), Late (green), Starburst (blue), and AGN (magenta). The LFs of each population 
were trimmed as described in Figure 14.91 



applied through magnitude cuts in the IRAC bands. Note that the IRAC bands used for 
sample selection at the highest redshift bins are also the shallowest. 

Nonetheless, many features and trends can be highlighted, some of them new as a result 
from our approach. Here, we also observe the early and late spectral-type galaxies domi- 
nating the bright end, while starbursts dominate the faint-end. At the highest redshifts, 
however, all three populations seem to contribute at comparable levels to the bright end. 
Also observed at the lowest redshifts, is the upturn at the faintest magnitudes in the LFs 



preted in previous work (e.g., 



Ilbert et al.. 


2009: 


Drorv et al.. 


2009: 



Pozzetti et al. 



20101). 



Here, we study and highlight the role of the AGN population in shaping the total IR LF. 

At the lowest redshift intervals, the 1.6 and 3.3 //m power-law shaped LFs of the AGN 
population seem to follow the upturn f ound for the LFs of the early and late spectral-type 



populations at the faintest magnitudes. 



Drorv et al. 



(120091 ) noted that the blue (starburst) 
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population also presents a comparable steepness at fainter magni tudes, and 



scenario where they may actually be related. This is supported by 



p ropos e the 



Kormendyl (119851 ) who 



proposed a connection between dwarf spheroidal and dwarf irregular galaxi es. Adding to 



that, the fact that dwar f galaxies tend to cluster a round massive galaxies (IZehavi et al. 



7 

2005; 


Haines et al. 


2006. 


2007: 



Carlberg et al. 



20091 ). implies that tidal interactions or ram 



pressure stripping may be behind the quenchi ng necessary to turn dwarf irregular galaxie s 



into dwarf spheroidal galaxies (see also, e.g., 



Boselli et al. 



2008 



Henriques et al 



20081 ). 



The onset of AGN activity seen here may then be understood, as these perturbations and 



torques on a d warf galaxy may drive material to t 



ne nuc 



merger events, 



Di Matteo et al. 



2005 



Springel et al. 



2005a 



ear engine (as it happens in 



bj) making the AGN "visible". 



In its turn, the nuclear activity may then also act as a quenching mechanism, producing an 
even faster switch from a star-forming dwarf to a passive dwarf galaxy. Even though most 
galaxy evolution models do not predict AGN feedback to b e a significant for even existent ) 



quench mechanism in low-mass systems (e.g.. 



Croton et al. 



2006b 



Somerville et al. 



mass i ve black holes have b een found and a r e exp ect to exist in dwarf galaxies (IBarth et al. 



2004 



Reines et al 



2008). 



2011 



Bellovary et al 



20111 ). Being dwarf systems, they will have a 



smaller gravitational potential, meaning that a less intense feedback wind may still be 
efficient quench mechanism. 

At high- z (z > 0.52), the power-law shaped AGN LFs produce on the total LF bright- 



end a deviation from a c 
some evidences for this in 



assical Schechter fun ction (seen better in Figure 14.10} see also 



Cirasuolo et al. 



2010 



although not assigned to AGN emission in 



th at work). 



by 



Fu et al 



'his b ehaviour has also been observed in the work based on Spitzer-IRS data 



(I20101 ). The reader should note that the AG N population is known to present 



such power-law 



Richards et al. 



Fs in the X-rays (e.g^ 



20051 ). and near-IR ( lAssef et al. 



Aird et al. 



20101 ). optical (e.g.. 



Croom et al. 



2004 ; 



20111 ) . These findings thus support the 



reliability of the AGN selection considered in this work. 
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The evidence for an AGN flux boost (as a result from hot dust emission) even at rest- 
frame 1.6 /im has important implications for the estimate of stellar mass based on i^-band 
luminosity (as doe s the inclusion of the TP -AGB phase in the stellar models used for such 



science). Although 



Marchesini et al. 



(120091 ) show that AGN emission induces uncertainties 
in the stellar mass estimate smaller than the photometric mass estimate uncertainty itself, 
their conclusion is based on a comparison with re-computed stellar masses without con- 
sidering the 5.8 and 8.0 /im IRAC channels, while we show that the flux boost can happen 
down to if -band (probed by the 4.5 /im band up to z ~ 2). Also, the problem is not the 
scatter which AGN emission may induce, but an upward systematic boost instead, just like 
the effect produced by emission from TP-AGB stars. It is known that the fraction of AGN 



is higher both at h i gher r edshifts and high stellar mass (IPapovich et al. 



2006 



Kriek et al 



2007 



Daddi et al. 



is mostly evoked. 



20071). regime s at w hich 



Eminian et al. 



f|2008h and 



coincidentally , emis sion from TP-AGB stars 



Muzzin et al 



(120091 ) show, however, that the 



TP-AGB phase does not provide a complete understanding of nIR colours. A thorough 
study on the systematic boost by hot dust from AGN activity should thus be pursued in 
every study on stellar mass build up (specially at high redshift where host and nuclear 
dust emission are frequen tly blended) with the use of hybrid galax y models like those o f 



Salvato et al. 



(2009 



Hainline et al. 



(j2010h . 



20111 ). or considering the procedure adopted by 
Both Figures 14.121 and 14.131 show that the AGN population is the one to show the 
greatest difference between the low (z < 0.5) and high (z > 0.5) redshift intervals. While 
at high-z, one can see the AGN population as the largest contributor to the bright-end 
of the total population LF (Figures 14.91 and I4.10p . its activity is completely altered as 
one moves to \ow-z. At low-z, the AGN activity is restricted to the faintest objects. This 
can thus be understood as some kind of AGN downsizing, where at higher redshifts, AGN 
activity is seen more in brighter galaxies as opposed to the low redshift regime. However, 
the data used here is unable to confirm whether the fainter AGN sample seen at low-z 
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is present at high- z or not. In fact, 



Cardamone et al. 



02O1OI) find a bimodal AGN host 
population at z ~ 1 after correcting for obscuration, with AGN activi ty found in equa l 



XueetaL 



20101 ). 



numbers of passive evolving and dust-reddened young galaxies (but see 
This would imply that the downsizing effect is a selection result and not real, yet it is clear 
that the AGN activity shuts down first in more luminous galaxies between 0.52 < z < 0.94 
and 0.21 < z < 0.52. The time of change seems to be interestingly related to the feature 
we discuss below. 

The shape of the early/late- type 1.6 /im LFs seem fairly unchanged with redshift at the 
highest luminosities (Figure T4.12p . but at gradually fainter magnitudes they do seem to 
show a mass build up, resulting in the growth of the hump which, at low redshifts, peaks 
at absolute magnitudes of —23 < Mi 6 < —22 and source densities of log($[Mpc -3 AM]) ~ 
—3. It is interesting to notice that the growth of the hump stabilises by 0.21 < z < 0.52. 
By this time, the AGN activity in such bright galaxies has dramatically decreased when 
compared to higher redshifts, being found in less luminous classes at those low redshifts. 

At rest-frame 3.3 /im, the LFs of early, late, and starburst spectral-type populations 
show a shift to fainter absolute luminosities with decreasing redshift (Figure T4.13p . while 
at rest-frame 1.6 /im, this is only seen in the starburst population at a smaller level. These 
differences are, of course, driven by different contributions between stellar and hot-dust 
emissions at these rest-frame wavelengths. While at 1.6 /im we see early- and late-type 
SEDs dominated by stellar light, at 3.3 /im (and at 1.6 /im for starbursts) there is already a 
significant hot-dust contribution which varies with time (inducing the observed shift). This 
extra flux comes from hot-dust emission around TP-AGB stars and AGN. Although we 
already select a sample of AGN sources, the extra flux (specially at 3.3 /im) may originate 
from lower-luminosity AGN which don't dominate the IR SED enough to be selected by 
our AGN criterion. 
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Figure 4.12: Comparing the rest-frame 1.6 /im LFs for each galaxy population between 
redshift bins: 0.05 < z < 0.19 as solid line, 0.21 < z < 0.52 as short dashed line, 0.52 < 
z < 0.94 as dotted line, and 0.97 < z < 1.86 as long dashed line. 
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Figure 4.13: Comparing the rest-frame 3.3 /im LFs for each galaxy population between 
redshift bins. Line coding as in Figure 14.121 
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4.5 Dust Luminosity Density Functions 

Dust luminosity density functions (LDFs) are presented at rest-frame 3.3 /im (Figures 14. 141 
and 14.15]) and 6.2 /im (Figure 14. 16|) . These plots enable us to evaluate how much dust is 
emitting in the IR in each galaxy population at a given rest-frame 1.6 /im luminosity. The 
choice of the rest-frame 1.6 /on absolute magnitude as the x-axis in the figures allows us 
to know where source count densities, used for the LDFs, are incomplete. Furthermore, 
this allows to estimate how much dust emission there is in each galaxy luminosity class in 
Figure 14.91 Note that each of these luminosity classes can be taken as a proxy to stellar 
mass classes providing that 1.6 /im is dominated by stellar emission. 

Although we have shown that at low- z AGN hosts are few (2% of the overall population), 
this population contributes significantly to the faint-end of the dust LDF (and maybe even 
at a comparable level as the much more numerous starbursts at the faintest magnitudes). 
At high- z, the opposite clearly takes place. The AGN population is by far the largest 
contributor to the bright-end of the 3.3 /im dust LDF, as already expected from the LF 
shown previously (Figure |4. lUj) . Analysing the rest-frame 6.2 /im dust LDFs, however, one 
realises how strong the contribution of the PAH features and hot dust can be to the overall 
IR LDF of late-type and starburst galaxies, clearly surpassing that from nearby AGN. 

As a final remark, Figure 14.171 shows how the dust luminosity density has evolved since 
z ~l-2 (rest-frame 3.3/im estimates appear connected). With a significant drop since 
z ~ 1 and a flattening at z > 1 — 2, it re sembles the evolution tren d of the SF history 
of the universe (light grey shaded region, 



Hopkins &: Beacom 



2006 



scaled to the total 



population luminosity density at 0.52 < z < 0.94). However, comparing the luminosity 
density at present time to that at 0.52 < z < 0.94, the drop in 3.3 /im luminosity density 
is more significant than that of the SF history, by around 1 dex more. This difference 
still holds even when comparing to the obscured SF history (dark grey shaded region 
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Figure 4.14: Rest-frame 3.3/xm dust LDFs depending on distance and galaxy type: Total 
population (black), Early (red), Late (green), Starburst (blue), and AGN (magenta). Due 
to the irregular trends in the low redshift panel, the trend shown by each galaxy population 
in the 0.21 < z < 0.52 redshift panel is displayed instead in the subsequent panels for 
comparison. The dust LDFs were trimmed according to the cuts adopted in Figure 14.91 
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Figure 4.15: Comparing the rest-frame 3.3 /zm dust LDFs for each galaxy population be- 
tween redshift bins. Line coding as in Figure |4".12I The dust LDFs were trimmed according 
to the cuts adopted in Figure 14.91 
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Figure 4.16: Local 6.2 fim dust LDFs depending on galaxy type: Total population (black), 
Early (red), Late (green), Starburst (blue), and AGN (magenta). The dust LDFs were 
trimmed according to the cuts adopted in Figure l4~9l 



Chary fc Popd . 



20101 ). Some interpretations for this may be given: either the reduced star- 
formation at low redshifts is unable to heat enough quantities of dust for it to dominate at 
3.3 /iin; dust may be farther from UV/optical sources at lower redshifts (blown by stellar 
winds, as seen, e.g., in Orion nebula); or there is an actual decrease in the dust content 
i n galaxies 5 . A recen t study with Herschel Space Observatory data may support the latter 



f lDunne et al. 



20111) 



The AGN sample appears as the main contributor to the overall galaxy dust luminosity 
density at z > 1. At z < 1, the starburst sample is the largest contributor with AGN 
hosts still comprising, nonetheless, a significant contribution to the overall dust luminosity 
density. We stress, however, the completely different source numbers of each of these two 
populations (Table 14. 2p . where the starburst population is significantly more numerous, 



5 Completeness effects would affect more the higher redshift estimates. A correction for such effect 
would increase those estimates and, consequently, increase the decay we observe since 0.52 < z < 0.94. 
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Z 



Figure 4.17: Rest-frame 3.3 and 6.2pm dust luminosity densities (po) depending on redshift 
and galaxy type: Total population (black), Early (red), Late (green), Starburst (blue), and 
AGN (magenta). Rest-frame 3.3 pm estimates appear connected as coloured regions (the 
width represents the statistical uncertainty), while 6.2 pm estimates appear as open circles. 
The redshift intervals corresponding to each data point of each rest-frame wavelength 
(Table 14. 1 j) are indicate d as error bars at t he bo ttom. The 3a trends of the total SF 



history, as compiled by iHopkins fc Beacoml (120061 light g rey shaded region), and of the 



obscured SF history, estimated by IChary fc Popd (120101 . dark grey shaded region), are 



shown for comparison. Both trends are scaled to the p^, value of the total population at 
0.52 < z < 0.94. 
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meaning that hot-dust emission in AGN sources in significantly more than in the remainder 
of the populations. Overlaid in Figure 14.171 are also the data points for rest-frame 6.2/im 
(open circles) in the nearby universe. It shows how much more dust is contributing to 
the galaxy SED at 6.2 /mi when compared to 3.3 /im. For instance, the dust luminosity 
density at rest-frame 6.2 /im at z < 0.52 is still larger than the dust luminosity density 
at rest-frame 3.3 /mi at z > 1. Table I4T31 details the contributions of each of the galaxy 
populations to the overall dust luminosity density at rest-frames 3.3 and 6.2 /im, depending 
on the redshift. 



Table 4.3: The contribution of the different galaxy samples to the 
rest-frame 3.3 and 6.2/im dust luminosity densities 



Rest-Frame 


^BIN 


EARLY 


LATE 


STARB. 


AGN 


H 




[%] 


[%] 


[%} 


[%} 


3.3 


0.05 <z< 0.19 


3 


9 


62 


26 




0.21 < z < 0.52 


3 


25 


50 


22 




0.52 < z < 0.94 


4 


14 


47 


35 




0.97 < z < 1.86 


2 


14 


26 


58 


6.2 


0.05 < z < 0.52 


1 


41 


50 


7 
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4.6 Conclusions 

In this chapter, the hottest regime of dust emission was explored. Our new approach con- 
siders both stellar and dust emissions separately, as well as the separation of the IR galaxy 
population into early, late, starburst, and AGN host galaxies. This allows to evaluate the 
IR luminosity functions depending on galaxy-type and distance, as well as to estimate how 
much dust is contributing to the IR emission. We have concluded the following: 

• The upturn seen in the IR LFs at the faint-end is probably linked to AGN activity, 
but may not be directly due to AGN activity. Instead, AGN activity is believed to 
be the consequence, and not the cause, of the upturn (e.g., dwarf galaxy disruption). 
Nevertheless, AGN may help speed up the transition process between star-forming 
dwarf galaxy into passive dwarf galaxy. 

• AGN "downsizing" between z ~ 1 and z ~ is probably a selection effect in our study, 
as fainter AGN hosts are missed at the highest redshift ranges. But it is clear that 
the AGN activity in the most luminous objects shuts down between 0.21 < z < 0.52 
and 0.52 < z < 0.94 range. Interestingly, this is the range where the IR LF hump 
at —24 < M < —21 seems to be finally assembled, hinting for a possible relation 
between the two episodes. 

• The observed AGN flux boost at 1.6 /xm has important implications for any high 
redshift study on galaxy stellar mass when estimated photometrically (specially at 
high redshift), as it results in a systematic overestimate of the stellar masses. The 
shapes of the AGN LFs support the reliability of our results, when comparing with 
work in the literature. 

• Although significantly less numerous, AGN comprise a significant contribution to the 
overall dust emission at rest-frame 3.3 /im since z ~ 1 — 2. 
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Evolution with redshift of the hot dust luminosity densities resembles that of SF 



history of the universe, but it drops more steeply (about 1 dex more). The reason for 
such r esult is, however, still indeterminate. Nonetheless, recent work by 



Dunne et al. 



( 120111 ) points to an actual decrease of dust content in galaxies since previous times. 
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Chapter 5 
Future prospects 



With the main focus on the IR spectral regime, this thesis addresses three science key 
subjects for the understanding of galaxy evolution: extremely red galaxies (ERGs), active 
galactic nuclei (AGN), and dust. 

With a new statistical approach, meaningful results are obtained for Extremely Red 
Galaxy (ERG) populations (Chapter [2]). By separating the sample into pure and common 
ERGs (respectively, galaxies belonging to only one or to the three ERG groups considered 
in this study), we show that pure-EROs (pEROs) are mostly passively evolved galaxies, 
while the common galaxies (mostly IEROs and DRGs) show evidences for a dusty starburst 
nature. However, a morphology study and the non-existent colour bimodality (there is a 
continuum in J — K colours from pEROs to DRGs) point to a link among the ERG 
population, where the more star-forming ERGs will later turn into more passively-evolved 



ERGs. Hence, the frequ ently referred diffi c ulty t o separate ERGs into distinct popu 



either morphologica l 



Fontanot &: Monaco 



v (|Moustakas et al. 



20041 ) or photometrically (IPierini et al. 



at ions, 



2004 ; 



20101 ). is probably a result of this smooth transition during the ERG 
phase. 

The new KI and KIM criteria showed to be more reliable than commonly used IR 
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criteria and are of great use for the study of AGN populations undetected at X-rays or 
optical wavelengths (Chapter [3]). For instance, in Chapter H] the KI criteria allowed to 
see that AGN activity is closely related to different features seen in the IR luminosity 
functions (LFs), and that hot dust in AGN host galaxies may emit significantly at short 
IR wavelengths probably biasing systematically any stellar mass study at high- z (where 
the effect seems to be stronger). 

The overall results of this thesis reveal the possibility for further applications in a 
wide variety of science projects, and for improvements to the work itself. In this chapter, 
future lines of research are considered. Following-up on the developed work, these comprise 
further testing of the considered techniques (such as the KI and KIM criteria), the need to 
overcome the present limitations (e.g., small areal coverage), and new proposed projects 
making use of the experience gained during the course of this thesis (e.g., the study of high 
redshift passive disc galaxies). 



5.1 On the application to other surveys 



Before presenting any of the future projects, it should be stressed that extending the 
work to other fields is not always the answer. It depends on the science goals and survey 
characteristics. If each of these factors are not properly taken into account, sometimes one 
will be comparing apples and oranges. 

With deep (near-)IR imaging (needed for the study of ERGs), we find, for instance, 
larger surveys than GOODSs like COSMOS (1.8 deg 2 ), VISTA Deep Extragalactic Ob- 
servation s (VIDEO 12 d eg 2 , P I. Matt Jarvis) and the UKIDSS Ultra Deep Survey (UDS, 
0.8 deg 2 , IWarren et al.l . 120061 ). All these wide- field deep surveys make use of optical to 
near-IR imaging that reach survey depths comparable to those achieved in the Great Ob- 
servatories Origins Deep Survey (GOODS) fields, however, except for radio frequencies 
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(with upcoming all-sky surveys reaching 10 /iJy rms levels), the remainder spectral regimes 
tend to be a whole different scenario. 

Take the X-ray coverage as an example, it is unlikely that, in the next decade or so, 
surveys like those referred above will ever reach the 2 Ms depth achieved in the northern 
and southern GOODS fields (and even less the recent 4 Ms on GOODS-South, GOODSs). 
This holds because of the large areal coverage of these surveys, which Chandra will not be 
able to cover till such depths in a reasonable time-length. The extended R Oentgen Survey 



with an Imaging Telescope Array (eROSITA, to be launched in 2012/2013, 



Predehl et al 



20101 ) will cover the whole sky in the X-rays (0.5-10 keV), albeit to depths 2dex brighter 
than those reached by Chandra and with a half energy width (HEW) 25 times larger. 
The Wide F i eld X -ray Telescope (WFXT, with a HEW five times larger than Chandra, 



Rosati et al 



201 lh will cover as well the whole sky, and later cover ~100 deg 2 down to the 



deepest Chandra sensitivity. However, this mission is not yet scheduled for launch. 

Also, Spitzer Space Telescope (Spitzer) is now on 'warm mode', meaning that obser- 
vations at higher wavelengths (> 5 jttm) are no longer possible. Although these higher 
wavelength filters were the least sensitive even on 'cryogenic mode', they were (and are) 
fundamental for the study of the high redshift Universe by probing rest-frame near-IR 
(1-3 /jm at z > 1), allowing for, e.g., proper stellar mass e stimates. The all-sk y survey 



performed by Wide-field Infrared Survey Explorer (WISE, IWright et all 120101 ) reaches 
magnitude (source confused) limits at 3 /jm brighter than those available in COSMOS at 
8 /jm, limiting the studies to the brightest of the sources at high redshifts. Finally, the 
small ~4 arcmin 2 field of view of James Webb Space Telescope makes it more a follow-up 
science telescope than a survey science one. Hence, the currently available fields resulting 
from the combination between area and depth of Spitzer at > 5 /im will still be the best 
in the next years to come. 
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5.2 Extremely red galaxies 

Although this study is based in one of the deepest data-sets ever assembled, it does not 
provide a large enough sample to constrain, for instance, the SFR values for the 2 < 
z < 3 non-AGN ERG sample. At this point, we believe that similar methodology to 
this thesis is only possible in GOODS north (GOODSn), given the similar deep multi- 
wavelength coverage. This is, in Chapter [21 if we had restricted the AGN classification to 
the shallower X-ray and IR flux limits available in other surveyed fields (referred above), 
some of the sources classified as AGN in this thesis would no longer be so, hence being 
included in the non-AGN stack instead, boosting the stacking flux signal and resulting 
in a detection. By considering GOODSn, similar flux levels are considered and a proper 
statistical improvement is possible, even though the overall areal coverage is still small 
(~300arcmin 2 in total for the two fields). 

We do believe, however, that larger fields will probably help confirming if the second 
proposed dip seen in the mass functions (MFs) at z > 1 (Section I2.4.6P is real or a result 
of a methodology bias. This second dip is found at relatively high masses, hence, shallow 
IR surveys will still be able to probe it. 



5.2.1 Dependencies on clustering 

ERG s are known to be found in over-dense r egions of the Universe (e.g. 



2003 



Grazian et al. 



2006b 



Kong et al. 



Roche et al. 



20091 ) . and among ERGs, there are differences 



between those galaxies showing evolved stellar populations and those known to be dusty 



starbursts, where the 
clustering amplitude, 



brmer are found in the densest o 



Daddi et al. 



2002 



Roche et al. 



the environments (up t o twice the 



2002 



Kong et al. 



20091 ). But can 



one actually see any evolution from 2<z<3tol<,2:<2? Also, if each of these two ERG 
populations indeed track different density environments (although both in dense regions), 
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just by separating them, one can follow the SF history and mass assembly dependency on 
clustering from high redshifts in ERG populations. 



5.2.2 Morphology evolution 



Another interesting question to be answered is, if indeed ERGs are all the same population, 
which of the two populations — passively evolved or dusty starburst — grows fast e r and 



large r in order to fit the sp heroid sizes found in the local Universe (jTrujillo et al 



2007 



Buitrago et al. 



2006 



20081 )? Or do they turn into the same kind of local spheroids? Will 
they differ in size nonetheless? In order to assess these morphology-related questions, 
different observed wave-bands (optical to near-IR) are required to follow the same rest- 
frame wavelength up to high redshifts. Most of the work done until today on deep and 
far galaxy samples was based on a comparison of H ST-ACS with H ST-NICMOS imaging. 
The latter unavoi dably limited th e stud ies to smaller patches of the sky (like in GOODS 



NICMOS Survey, 



Conselice et al. 



20111 ) due to its smaller field of view and integration 
efficiency. With the advent of the Wide Field Camera 3 (WFC3) installed on HST in 
May 2009, nIR imaging is enabled down to unprecedented depths and with improved 
resolution 1 , closer to that achieved with ACS. The Cosmic Assembly Near-infrared Deep 
Extragalactic Legacy Survey 2 (CANDELS) team was granted 902 HST orbits of WFC3 
and ACS observing time (started on October 2010) to cover significant portions of some of 
the best studied extragalactic fields so far (GOODS north and south, Ultra Deep Survey, 
Extended Groth Strip, and COSMOS). The first orbits of CANDELS were reserved for 
GOODSs and some of the data is already available for public use. 



(Mountain et al. 


.2009 


Mountain et al. 


,|2009| 



Unless aided with a (laser) guiding star and an active and adaptive optic system, 



the image resolution will always be limited by the atmospheric seeing. 
2 http:/ /candels. ucolick.org/ 
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As can be seen in Section 15.31 th e CANDELS (and the WFC3 Early Release Science 3 



observations, 



Windhorst et al. 



20111 ) data are already being used in one of the most in- 
teresting follow-up studies arising from this thesis, the study of Passive Disc Galaxies. 
Another subject that will take advantage of such data-set is the study of pure-DRGs (Sec- 
tion [2A7J]). The near-IR imaging from WFC3 (probing the rest-frame optical at z > 2) 
will allow to follow the older and colder stellar population present in these galaxies, and, 
by matching with the observed optical (rest-frame UV) ACS imaging, analyse possible 
differences in the dynamics between the old and young stellar populations producing, re- 
spectively, the characteristic red J — K and monochromatic/blue i 775 — K colours in each 
pDRG SED. Grism observations will also allow for a faster spectral coverage of this popu- 
lation, which is still scarce (only about 10% of the pDRGs have a good quality spectrum). 
While those are not available for a significant patch of GOODSs, we have applied for 20 h 
of observation time with FORS2 4 at the Very Large Telescope, in order to get spectroscopic 
redshifts for 30 of the brightest pDRGs. The requested time length is that needed to get 
enough signal to noise to allow for a proper AGN census (relying on line ratios and high 
ionization emission line detections), a type of activity which is believed to be still in action 
in pDRGs and is related to a possible recent evolution of these galaxies (Section 12.4.7. ip . 



5.2.3 Stacking algorithm 

In parallel, the stacking procedure is being tested in order to search for possible improve- 
ments. We focus on both the stacking procedure itself and the pre-analysis of each stamp 
to be stacked. We aim to constrain the bias towards a given type of source (e.g., flux or 
apparent extension dependency). Should the science image or a source-removed image be 
used for stacking? Do we actually understand the statistics behind the stacking analysis? 

3 Program 11359 (PI R. W. O'Connell), http://archive.stsci.edu/prepds/wfc3ers/ 
4 http: / / www.eso.org/sci / facilities / paranal / instruments /fors /overview. html=^fors2 
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Can we go deeper than the expected rms decrease with 1/ \fN by means of a pre-stacking 
procedure? These are some of the issues we are exploring. For that purpose, real radio 
data are being considered and simulations ran depending on both parent galaxy properties 
and telescope capabilities. This will be of great importance for all-sky surveys done with 
near-future radio facilities such as ASKAP 5 , MeerKAT 6 , and MWA 7 . 



5.3 High-£ passive disc galaxies 



This has been one of the most interesting outcomes of this thesis, enough to have its own 
section — this one — detailing its implications and what will be done henceforth. 

The quest for understanding the formation mechanism of our own galaxy and other local 
disc galaxies has lead the community to search for their ancestors at high redshift. The 
Atacama Large Millimetre Array 8 (ALMA), in its full mode, will be able to detect Milky- 
Way-like systems up to z ~ 3, but the question remains "do such evolved disc galaxies 
exist at such hi gh redshifts?". The presence of disc galaxies at high- z (z > 2) has been first 



predicted (e.g., 



Navarro fc White 



1994 ; 



Weil et al. 



1998 



Sommer-Larsen et a 



20031 ) and 



20031 ). However, 



only then confirmed in the beginning of this millennium (lLabbe et all 
the existence of such type of galaxies at such redshifts remains to be fully understood. 

Our current knowledge indicates that galaxies with prominent disc profiles (e.g., ns cr sic < 
2) are actual freq uent and represent a high f raction (~ 65% ) of the most massive (> 5x 10 10 ) 



high-z galaxies (Ivan der Wei et al. 



2011 



Weinzirl et al. 



20111 ) . Among these, we ob- 



serve disc galaxi es with effective radii comparable to or larger than that of Milky- Way 



(r e > 5kpc, e.g., 
fr e < 2kpc, e.g. 



Labbe et al 



2003 



Buitrago et al 



Weinzirl et al. 



2008 



20111). as wel l as more compact ones 



van der Wei et al. 



20111 ). Overall, these galax- 



5 http 
6 http 
7 http 
8 http 



/ /www. atnf.csiro.au/SK A/ 

/ / www.ska.ac.za/meerkat / specsci.php 

/ / www.mwatelescope.org/ 

/ /almascience. eso.org/ 
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ies appear to be clumpy and highly star-forming 


(Labbe et £ 


i .. 


2003 


Cresci et al.. 


2009; 


Forster Schreiber et al.. 


2009 


: 


3ava et al.. 


201oL 



Genzel et al 



2006 



what we expect. It is known that disc instabilities speed up galaxy growth, this is, the 
clumpier the disc, the quicker and more efficiently its gas co ntent collapses gravitationally 



and forms stars (e.g., 



Li et al. 



2006 



Bournaud et al. 



2010 



and references therein). Also, 



the disc formation mechanism had to be gradual and gent l e in order to have the gas settlin g 



onto a disc before converti ng into stars flBournaud et al. 



This has been observed by 



Genzel et al. 



2011a 



(120061 ) and simulated by 



van der Wei et al. 



Dekeletal 



201l|). 



((2009J), where 



smooth and clumpy cold streams were shown to maintain an unstable gas-rich disc, pro- 
ducing, for several Gyr, giant clumps which would convert into stars and could eventually 
migrate to the bulge. Hence, the evolution of high-z disc galaxies is expected to be driven by 



gravitational instability in an inside-out 



(Elmeexeen et al. 


.2005 


Elmeexeen 




2009; 


Dekel et al. 


Bournaud et al. 




2011a; 


Genzel et al 


J2OI 


1). Finally, 



ormation scenario, rather than by merger activity 



2009 



Bournaud fc Elmegreen 



2009 



ies at z ~ 2 evolve to local spheroid systems (either because massive, ~ 10 n M o , galaxies 
at z ~ 2 are found in denser regions or due to the high star-formation and instability in the 



disc, e.g., 



Quadril. 



2007: 



van Dokkum et al. 



Quadri et al 



2010 



2007 



Bournaud et al 



Scannapieco et al. 



2009 



Hartley et al. 



2010 



2011aj), while the more compact disc galaxies 



are the actual candidates for the local spiral population. 

However, there has been recent evidence for the existence of compac t galaxies show 



ing prominent disc profi l es, bu t already in a passive stage of evolution (IStockton et al. 



2008 



van der Wei et al. 



2011 



, and Section I2.4.2p . High- z discs are expected to form 



at z ~ 3 — 7 (when the Universe wa s 5, 2 Gyr old) and a disc tak es <1 Gyr to form 



( lEggen et al. 



1962 



Scannapieco et al. 



2009 



Bournaud et al. 



2011aJ). Hence, the rapid 



evolution seen in this evolved disc population can only be understood through a feedback 
mechanism which stops cold gas inflows and/or clumps to be formed in the disc. Wind- 
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type feedback (from super-novaeor nuclear activity) produces either spher oid or large disc- 



dominated systems, and cannot explain such compact 



2005 



Governato et al. 



quench (MQ, 



2007 



Martig et al 



Scannapieco et al. 



2009 



Dekel et al. 



p assive disc ga l axies (jOkamoto et al 



2008 



Agertz et al. 



20111 ). Morphological 



20091 ). on the other hand, could provide a 



successful explanation. While the disc evolves through gas instabilities, a bulge is being 
formed at the same time through the m igration of star-forming clumps to the central bulge 



( Genzel et al. 



2006 



Dekel et al 



20091 ). As the bulge grows in mass, its gravitational influ- 
ence stabilizes the gas distribution in the disc preventing gas clumps to form and produce 
more stars. 

The samples of passive disc galaxies (PDGs) are, nevertheless, still scarce. A larger 
number of such galaxies should be assembled in order to establish their nature and their 
local counterparts. The search for such PDGs has been based so far on the very generic 
J — K colour (or comparable colour cuts), or rest-frame colours of mass selected samples. 
While the first is known to select extremely obscured star-forming systems (including edge- 
on discs), the latter technique may miss lower-mass passive disc samples, require multi- 
wavelength photometry, and is very model dependent. Also, many of these candidates 
are still selected in observed optical bands, where a z ~ 2 passive system is faint and 
hard to detect. For instance, the PDG candidate referred in this work (Section I2.3.3.2P 
is not detected even in the reddest ACS-HST band, z 850 . We have thus developed a 
new IR- morphology selection of PDGs shown in Figure 15.11 The K s — [4.5] colour is 
highly redshift dependent, so different cuts imply different universe epochs. We adopt 
K s — [4.5] > for the selection of z > 1 sources. The [8.0] — [24] < cut ensures 
the selected objects do not have significant obscured star- format ion nor AGN emission 
(i.e., are mostly passive). One can see that practically all spectral energy distributions 
at 1 < z < 3 entering the lower right corner are early/late type systems. The exception 
being blue (low-metalicity/dust-free) star- forming systems (upper right panel), which can 
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be weed-out by optical inspection (identifying sources which are bright and with no disc 
component). Deep optical/NIR imaging is then used to select the final candidate sample 
of PDGs at 1 < z < 3. A consistent s ample has now been assembled in CDFS using the 



MUSIC catalogue (ISantini et al. 



20091 ) . Being composed by ~40 objects at 1 < z < 3, is 
more numerous than any of the samples seen in previous works. A few examples of PDGs 
found in the final sample are shown in Figure 15.21 

The immediate objective of this project will be the census of 1 < z < 3 passive discs and 
aim to unveil the cause for their existence. Due to their nature, a prominent 1.6 fim stellar 
emission bump is present in the SEDs of PDGs. Such feature is probed by the IRAC 
channels in the 1 < z < 3 range, enabling high-quality photometric redshift estimates 
((%>ec — 2spec)/(l + -^spcc) — 0.05 at 1 < z < 1.6 9 ). Furthermore, if MQ is indeed the 
mechanism to create such systems, a non-negligible fraction of the gas still remains, and is 
expected to be detected in PDGs. For instance, X-ray emission has been detect ed for 20% 
of ou r CDFS PDG sample (< 0.8" search radius in the 4 Ms CDFS coverage 



XueetaL 



201 ll ) . and all present high obscuring column-densities (log(Nn[cm 2 ]) > 22, Figure l5~3|) . 



This probably means that a significant fracti on of the left-over gas may have migrated 



to the nuclear region ( iBournaud et al 



2011bj), producing the high obscuration in the X- 



rays (which is unlikely due to dust, provided the monochromatic/blue [8.0] — [24] colours 
of PDGs). If such quantity of gas is present, spectroscopy observations in the near-IR 
(observing H a ) and (sub-)millimetre (observing molecular gas) will allow us to study the 
distribution of gas in PDGs (is it concentrated in the nucleus or inefficiently forming stars in 
the disc?) and constrain its total amount (are PDG passive because of actual gas-drought 
or due to MQ?). 

With upcoming new observational facilities, the mystery behind PDGs will potentially 
be unveiled. James Webb Space Telescope (JWST) will allow the selection of deep and 



3 Until now, only 12 PDGs have available spectroscopy, and they are found in the 1 < z < 1.6 range. 
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Figure 5.1: The selection of high- z PDGs. Panel (a) is reserved for early and late-type 
galaxies, (b) for starburst systems, (c) for hybrid sources, and (d) for pure AGN sources. 
The colour tracks extend from z = up to z = 7. The dotted portion of the tracks indicates 
the z < 1 range. The red circle marks z = 3. The dashed line demarks the selection region 
where blue dust-free starbursts also fall. These are easily discarded by means of a visual 
inspection based on their small light profile and/or bright optical detections. For a complete 
description and discussion of the cons i dered templates, see Chapter [3] of this thesis. The 
mass-selected sample from lCava et al.l (120101 ) is shown for comparison in the upper panels 
as blue squares (n < 1.5, disc-like) and magenta triangles (n > 1.5, spheroid-like), revealing 
an overall non-passive nature as revealed in that work. 
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Figure 5.2: Twelve examples of PDGs found in GOODSs are presented. These are 10" wide 
WFC3-i/160 cut-outs from ERS (top row) and CANDELS (two bottom rows) observations. 
In most, the disc profile is clearly observed. 
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ID02; z=2.282 
logLx=43.89; G=1.51 
HR=-0.28; logNh=22,5 
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HR=n/a; log[\lh>22.6 
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ID14; z=1.605 
logLx=42.69; G=0.57 
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# 1 
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ID07; z=2.808: 
logLx=44.26; G=0,97 
HR=-0.02; logNh=23.4 



ID31; z=2.535 
logLx=43.59; G=1.04- 
HR=-0.09; logNh=23.2 



IDOS; z=1.38 
logLx=42.15; G=n/a 
HR=n/a; logNh>22.3 



ID32; z=1.51 
logLx=42.51; G=0.35 
HR=n/a; logNh>23.2 



Figure 5.3: WFC3-HST imaging f lKoekemoer et all 1201 ll ) of the X-rays detected PDGs. 
Stamp size of 5" x 5". Information includes: redshift, X-ray luminosity, observed pho- 
ton index (G), hardness-ratio, column density (Nh), and distance to counterpart (bottom 
right). Green circles show 3a confidence astrometry of X-rays detection. 



large samples of PDGs, as well as a detailed morphological and near-IR spectroscopy study 
of these galaxies. ALMA, that has now started, with 16 antennas, observing the science 
targets proposed for Cycle-0, will also play a major role. The final assembly of this telescope 
is rapidly reaching its end. At that stage, the study of PDGs will largely benifit from the 
unique sensitivity and resolution power of ALMA, enabling us to understand such peculiar 
population which may also explain the origins of our own home. 



5.4 The search for the most obscured AGN 

It is now clear that the development of the KI and KIM criteria (Chapter [3]) has great 
implications to the science to be made with James Webb Space Telescope (JWST). One 
of the prime objectives of these criteria is the search for the most obscured AGN sources 
in the Universe. In the literature, many groups have attempted to select the so-called 
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compton-thick AGN in deep hard-band X-ray surveys or with extremely red optical-to- 
MIR colours. While the former is known to miss a significant portion of the obscured 
AGN sample, the latter is contaminated by extremely obscured non-AGN galaxies, unless 
stringent constraints are considered. One of this rigorous constraint s is high MIR flux 



Fiore et al. 



fl2008h 



cuts (f24/im > lniJy), attainable only by the brightest AGN sources, 
considered even fainter sources on the assumption that extremely red R — K colours would 
select a higher fracti o n of AGN sources. However, as seen in Figure 12.101 (Section [3]), 
although iFiore et al.l ( 120081 ) are right in their assumption, a J — K colour cut is more 
efficient on achieving that goal, with the advantage that the selected sources will be at 
higher redshifts with increasingly redder J — K colour cuts (Figure f2. 13|) . 

One final class of objects holds a place of interest. In Chapter [31 it was shown the 
importance of the K — [4.5] colour for the selection of AGN hosts and the characterization 
of high- z sources. Hence, searching for those sources appearing in deep 4.5 /im coverages 
while remaining undetected in the A-band will certainly provide samples of the most 
extreme sources in the Universe. In combination with higher wavelength bands (> 8/xm), 
a reliable sample of extremely obscured AGN will be assembled. While GOODSs is already 
being surveyed for such class of AGN (relying on the MUSIC catalogue, which considers 
Z850-; K s -, and 4.5 /xm-selected sources), COSMOS is likely another deep survey to explore 
in the search for such class of objects. Also, as soon as SERVS data (deep 3.6 and 4.5 /im 
coverage, PI M. Lacy) is available on VIDEO (a 12deg. 2 deep near-IR survey, PI M. 
Jarvis), a large statistical sample of extreme 4.5 /mi-detected A-undetected sources will be 
assembled for further study, providing useful constraints to both galaxy and AGN evolution 
models (e.g., number densities, luminosity distributions). 

Nonetheless, the IR AGN selection may still require some fine tuning. For instance, all 



the IR AGN diagnostics have neve r been test e d aga inst the emission from TP-AGB stars 

_ m|, 



(which is known to peak at 2 /im, 



Marastoi 



20051 ). This is crucial to the high-redshift 
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regime where a l arger incidence of systems with enhan ced TP-AGB stellar emission is 



known to reside ( Maraston 



2005 



Henriques et al 



20111 ). If such effect in the IR regime 



breed to use only the most restrictive 



Polletta et al. 



2006 



Dey et al. 



2008|) 



significantly affects IR AGN selection, than we are 
AGN criteria (like the bright IR excess sources, e.g. 
or to rely solely on the remainder spectral regimes, which sometimes is not the ideal 
scenario. However, by peaking at 2 /im, the emission from TP-AGB circumnuclear discs 
is unlikely to produce a red (power-law) SED in the 2-8 (-24) /im range probed by the KI 
and KIM criteria. 



5.5 Direct comparison of the evolution of hot and cold 
dust 

Chapter |4] has shown that the evolution of 3.3 /im dust emission is decli ning much more 



rapid ly than the overall SF history (and hence the colder dust emission, 



Chary fc Pope 



20101 ) in the Universe. But this study allows to go even further. With the large galaxy 
numbers available in the COSMOS field, it will be possible to obtain cold-dust luminosity 
density functions like those for hot-dust in Figure |4".141 Hence, a direct comparison of hot 
and cold dust at each given luminosity bin will be possible. The comparatively shallow 
FIR/millimetre surveys poses a problem that can be circumvented in this project, as the 
large galaxy numbers available in each of these bins will allow for a proper stacking analysis, 
providing average FIR/mm fluxes for each of the luminosity classes. With this we aim to 
track the interplay between the hot and cold dust regions since high redshifts to the present. 
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5.6 Closing remarks 

There is no doubt that the IR spectral regime has revolutionised our understanding of 
the Universe we live in. The presence of numerous galaxy populations undetected at opti- 
cal wavelengths has showed us that there is much more to see beyond the narrow optical 
spectral window. The journey is still far from finished. Our ability to probe the multi- 
wavelength Universe to amazing depths is improving by the day, either through instrumen- 
tal advances or better facilities. Although one should never underestimate archive-based 
science, the coming observational facilities will provide data-sets that will revolutionise 
once again our way of thinking, and show that the Universe is as unpredictable as it is fun. 
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